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Group number — 1A 8A 


Period 
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Holmium 


z 4 Name —1"464.9303«+— Atomic weight 
Li | Be C |N 


Lithium Beryllium Boron Carbon Nitrogen Fluorine 
6.941 9.0122 a 10.811 12.011 14.0067 y 18.9984 
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11 13 14 % 17 
Na | Mg Al | Si Cl 
Sodium Magnesium Aluminum Silicon Sulfur Chlorine 

22,9898 24.3050 26.9815 28.0855 32.066 35.4527 
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Polassium Titanium Vanadium Chromium | Manganese Germanium Arsenic Selenium 
39.0983 4788 50.9415 51.9961 54.9380 72.64 74.9216 78.96 
38 ; 


37 40 41 44 45 46 48 49 51 52 
Rb | Sr Zr | Nb Ru | Rh | Pd Cd | In | Sn | Sb | Te 
Rubidium Strontium Zirconium Niobium Ruthenium Rhodium Palladium Silver Cadmium Indium Antimony Tellurium lodine | 
85.4678 87.62 91.224 92,9064 35. 101.07 102.9055 106.42 107.8682 112.411 114.82 ; 127.60 126.9045 


47 53 


55 76 


Cs | Ba | L; Te O i | Pe 
Cesium Barium Lanthanum Tantalum Tungsten Rhenium Osmium Thallium Bismuth Polonium 
132.9054 137.327 | 138.9055 180.9479 183.84 186.207 190.2 204.3833 A 208.9804 (209) 
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Actinium Rutherfordium | Dubnium | Seaborgium ium | Roentgenium | Copernicium 
(227) (267) (268) (271) (285) 


65 67 69 70 71 


58 59 63 64 
Lanthanides Ce Pr Eu Dy Lu 


Cerium |Praseodymium} Neodymium i Europium Gadolinium Terbium Dysprosium Holmium Thulium Ytterbium Lutetium 
140.115 140.9076 157.25 158.9253 162.50 164.9303 168.9342 173.04 174.967 


99 101 103 


91 94 
Actinides |7 Pa Np Pu Lr 


Protactinium Neptunium Plutonium erici j Californium | Einsteinium Mendetevium Lawrenclum 
231.0359 (237) (244) (251) (252) (258) (260) 
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Alkyl halide 
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Amide 
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Anhydride 


General Structure 


R-X: 
(X =F, Cl, Bri 


R-ÑH; or 


Example 


H-C=C-H 


Functional Group 


-COCI 


-OH 
hydroxy group 


C=O 
carbonyl group 


double bond 


=X 
halo group 


triple bond 


-CONH;, 
-CONHR, 
-CONR;3 


-NH; 
amino group 


Type of Compound 


Aromatic compound 


Carboxylic 
acid 


Ester 


Ether 


Ketone 


Nitrile 


Sulfide 


Thiol 


Thioester 


General Structure 
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R-SH 


Example 


CH; ~OCH; 


CH;—O-CH, 


Functional Group 


phenyl group 


-COOH 
carboxy group 


-COOR 


-OR 
alkoxy group 


C=O 
carbonyl group 


-C=N 
cyano group 


-SR 
alkylthio group 


-SH 
mercapto group 


-COSR 
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Preface 


“Smith reads more like a web 
page than a conventional 
textbook. Today's students 
seem to do better with that 
format than with a traditional 
format with long text 
paragraphs.” 

—wNolan K. Carter, University 
of Central Arkansas 


“Many students like to highlight 
their textbooks . . . they are 
looking for the key concepts. 
Smith does some of the heavy 
lifting for them by pulling the 
concepts out as bulleted lists. I 
like the style.” 

—Ronald K. Castellano, 
University of Florida 


My goal in writing Organic Chemistry was to create a text that showed students the beauty and 
logic of organic chemistry by giving them a book that they would use. This text is based on lecture 
notes and handouts that were developed in my own organic chemistry courses over my 30-year 
teaching career. I have followed two guiding principles: use relevant and interesting applications 
to illustrate chemical phenomena, and present the material in a student-friendly fashion using 
bulleted lists, solved problems, and extensive illustrations and summaries. Organic Chemistry 
is my attempt to simplify and clarify a course that intimidates many students—to make organic 
chemistry interesting, relevant, and accessible to all students, both chemistry majors and those 
interested in pursuing careers in biology, medicine, and other disciplines, without sacrificing the 
rigor they need to be successful in the future. 


“AS an organic chemistry instructor and a practicing chemistry education researcher, I try to 

sew together my teaching and research interests so they inform one another. For all the research 
literature I have read on student concept attainment in the sciences, it seems like Janice Smith 

has read most of it too, because it is put into practice in her textbook. The illustrations are well 
constructed and pertinent to the topics covered in textual format, the problems are written to 
provide students a clearer understanding of the best solution strategies, and the applications 

to biological and medicinal careers are unparalleled. Since reading and teaching from Smith’s 

Ist edition, I believe that textbook pedagogy and student learning style are as closely merged as 
possible in her work; for this my students and I are most appreciative!” 

—David P. Cartrette, South Dakota State University 


The Basic Features 


e Style This text is different—by design. Today’s students rely more heavily on visual imag- 
ery to learn than ever before. The text uses less prose and more diagrams, equations, tables, 
and bulleted summaries to introduce and reinforce the major concepts and themes of organic 
chemistry. 


Content Organic Chemistry accents basic themes in an effort to keep memorization at a 
minimum. Relevant examples from everyday life are used to illustrate concepts, and this 
material is integrated throughout the chapter rather than confined to a boxed reading. Each 
topic is broken down into small chunks of information that are more manageable and easily 
learned. Sample problems are used as a tool to illustrate stepwise problem solving. Excep- 
tions to the rule and older, less useful reactions are omitted to focus attention on the basic 
themes. 


e Organization Organic Chemistry uses functional groups as the framework within which 
chemical reactions are discussed. Thus, the emphasis is placed on the reactions that different 
functional groups undergo, not on the reactions that prepare them. Moreover, similar reac- 
tions are grouped together so that parallels can be emphasized. These include acid—base reac- 
tions (Chapter 2), oxidation and reduction (Chapters 12 and 20), radical reactions (Chapter 
15), and reactions of organometallic reagents (Chapter 20). 


By introducing one new concept at a time, keeping the basic themes in focus, and breaking com- 
plex problems down into small pieces, I have found that many students find organic chemistry 
an intense but learnable subject. Many, in fact, end the year-long course surprised that they have 
actually enjoyed their organic chemistry experience. 
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Preface 


Organization and Presentation 


For the most part, the overall order of topics in the text is consistent with the way most instruc- 
tors currently teach organic chemistry. There are, however, some important differences in the 
way topics are presented to make the material logical and more accessible. This can especially 
be seen in the following areas. 


Review material Chapter 1 presents a healthy dose of review material covering Lewis 
structures, molecular geometry and hybridization, bond polarity, and types of bonding. While 
many of these topics are covered in general chemistry courses, they are presented here from 
an organic chemist’s perspective. I have found that giving students a firm grasp of these fun- 
damental concepts helps tremendously in their understanding of later material. 


Acids and bases Chapter 2 on acids and bases serves two purposes. It gives students 
experience with curved arrow notation using some familiar proton transfer reactions. It also 
illustrates how some fundamental concepts in organic structure affect a reaction, in this case 
an acid-base reaction. Since many mechanisms involve one or more acid-base reactions, I 
emphasize proton transfer reactions early and come back to this topic often throughout the 
text. 


Functional groups Chapter 3 uses the functional groups to introduce important prop- 
erties of organic chemistry. Relevant examples—PCBs, vitamins, soap, and the cell 
membrane—illustrate fundamental solubility concepts. In this way, practical topics that are 
sometimes found in the last few chapters of an organic chemistry text (and thus often omit- 
ted because instructors run out of time) are introduced early so that students can better grasp 
why they are studying the discipline. 


“{Smith] explains everything very well, shows a lot of examples and step-by-step 
approaches. The building-up of each chapter is very logical and helps students to 
understand the concepts. It is a great book!” 

— Claudia Taenzler, University of Texas at Dallas 


Stereochemistry Stereochemistry (the three-dimensional structure of molecules) is intro- 
duced early (Chapter 5) and reinforced often, so students have every opportunity to learn and 
understand a crucial concept in modern chemical research, drug design, and synthesis. 


Modern reactions While there is no shortage of new chemical reactions to present in an 
organic chemistry text, I have chosen to concentrate on new methods that introduce a particu- 
lar three-dimensional arrangement in a molecule, so-called asymmetric or enantioselective 
reactions. Examples include Sharpless epoxidation (Chapter 12), CBS reduction (Chapter 
20), and enantioselective synthesis of amino acids (Chapter 29). 


Grouping reactions Since certain types of reactions have their own unique characteristics and 
terminology that make them different from the basic organic reactions, I have grouped these reac- 
tions together in individual chapters. These include acid-base reactions (Chapter 2), oxidation 
and reduction (Chapters 12 and 20), radical reactions (Chapter 15), and reactions of organometal- 
lic reagents (Chapter 20). I have found that focusing on a group of reactions that share a common 
theme helps students to better see their similarities. 


Synthesis Synthesis, one of the most difficult topics for a beginning organic student to 
master, is introduced in small doses, beginning in Chapter 7 and augmented with a detailed 
discussion of retrosynthetic analysis in Chapter 11. In later chapters, special attention 
is given to the retrosynthetic analysis of compounds prepared by carbon-carbon bond- 
forming reactions (for example, Sections 20.11 and 21.10C). 


Spectroscopy Since spectroscopy is such a powerful tool for structure determination, four 
methods are discussed over two chapters (Chapters 13 and 14). 


Key Concepts End-of-chapter summaries succinctly summarize the main concepts and 
themes of the chapter, making them ideal for review prior to working the end-of-chapter 
problems or taking an exam. 


Preface XV 


New to the Fourth Edition 


A new Chapter 27 (Pericyclic Reactions) has been added to the fourth edition. The study of 
pericyclic reactions and sigmatropic rearrangements provides students with a set of rules for 
predicting the identity and stereochemistry of products formed, and thus tools for synthesiz- 
ing organic molecules. This new chapter also provides additional study of molecular orbitals. 


A new Section 18.13 (Nucleophilic Aromatic Substitution) with accompanying illustrations 
and problems has been added to the fourth edition text to provide students with additional 
information on substitution reactions involving aryl halides. 


Also in response to reviewer feedback, new material has been added on resonance structures 
(Section 1.6B); glucose metabolism and entropy (Section 6.6); marine natural products 
(Section 7.4); green chemistry (Section 12.13); juvenile hormones (Section 20.10C); and 
regioselectivity (Section 23.8B). In addition, sections on hydroboration—oxidation of termi- 
nal alkynes (Section 11.10), the reactivity—selectivity principle (Section 15.6), and terpenes 
(Section 30.7) have been rewritten to clarify and update the material. 


Over eighty new problems incorporating molecular art to help students visualize structures 
in a three-dimensional manner have been included in the fourth edition. Additionally, more 
than 200 other new problems have also been added to the new edition, increasing the number 
of more complex, challenging problems. 

New How To’s, Sample Problems, and micro-to-macro illustrations have also been added 
throughout the new edition to clarify topics and enhance the student learning experience. 
In order to address reviewer concerns, the page layout for the fourth edition has been made 
more flexible, allowing figures to fall at the end of paragraphs containing figure references— 
thus placing figures closer to their text call-outs. 


Illustrations 


Organic Chemistry is supported by a well-developed 
illustration program. Besides traditional skeletal (line) 
structures and condensed formulas, there are numerous 
ball-and-stick molecular models and electrostatic potential 
maps to help students grasp the three-dimensional 
structure of molecules (including stereochemistry) and to 
better understand the distribution of electronic charge. 


“I believe that dissecting the text gives students time to understand 
and to digest, step-by-step, each concept presented, rather than 
memorize them. This helps students in achieving better results 
faster. . . . The quality of the illustrations is very good, without 
unnecessary explanations that could make them confusing. The 
language is easy to follow, the concept easy to understand.” 

—Camelia Gogonea, Cleveland State University 


Micro-to-Macro Illustrations 


Unique to Organic Chemistry are micro-to-macro illustrations, 
where line art and photos combine with chemical structures 

to reveal the underlying molecular structures giving rise to 
macroscopic properties of common phenomena. Examples 
include starch and cellulose (Chapter 5), adrenaline (Chapter 
7), partial hydrogenation of vegetable oil (Chapter 12), and 
dopamine (Chapter 25). 


Spectra 


Over 100 spectra created specifically for Organic Chemistry 
are presented throughout the text. The spectra are color- 
coded by type and generously labeled. Mass spectra are 
green; infrared spectra are red; and proton and carbon nuclear 
magnetic resonance spectra are blue. 


Mechanisms 


Curved arrow notation is used extensively to help students 
follow the movement of electrons in reactions. Where 
appropriate, mechanisms are presented in parts to promote 
a better conceptual understanding. 


Figure 21.9 
The key reaction in the 
chemistry of vision 


IODA N a ROKR CO Me ssena cross-section of tha eya 


© Fhodepein a a lgid-sansitive compound boosted in We membrani of Ihe rod cela n the retina of 
the eya. Rhodopsin contains the protein opsin bodded lo 1 1-cis-retinal via an imine linkage When 
light strikes this molecule, the crowded 11-cis double bond isomerizes Io Ihe 11-trans isomer, and 
a nerve impulse is Iransmilled to the brain by Ihe optic nerve 


Figure 12.4 Partial hydrogenation of the double bonds in a vegetable oil 
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tò Mechanism 9.2 Dehydration of a 1° ROH—An E2 Mechanism 


Step [1] The O atom is prolonaled 
H * Protonation of the oxygen atom of Ihe alcohol 
-> CH) —C— CH, + HSO- converts a poor leaving group {"OH) inlo a good 
HOH, leaving group (HzO) 


į 
good leaving group 


proton transfer 


Step (2) The C- H and C-O bonds are broken and Ihe z bond is formed, 
Me oe * Two bonds are broken and two bonds are 


I 80, (secant $ 
“Hwee alam "i be formed in a single step: the base (HSO, or H20) 
s ye sad SAE TURS € UA removes a proton from the B carbon; the electron 

p NG% vet pair in the B C-H bond forms the new z bond; the 


ee leaving group (H,0) comes off with the electron 
pair in the C—O bond. 


Problem Solving 


Sample Problems 


Sample Problems show students how to solve organic 
chemistry problems in a logical, stepwise manner. More 
than 800 follow-up problems are located throughout the 
chapters to test whether students understand concepts 
covered in the Sample Problems. 


“.. . [T]he sample problems and examples are well matched 
within the context of the material. They match well with 
the exercises in the chapter and show a very clear way of 
attacking the problems. . . . [T]he problems are very concise 
and don’t get bogged down in fluff.” 


_—WNathan. C. Tice, Eastern Kentucky University . 


How To's 


How To’s provide students with detailed instructions on 
how to work through key processes. 


“Overall, this is one of the best problem sets in any 
text in terms of the correspondence between the 
problems and the concepts being taught. There 
are always multiple problems for each example.” 

—T. Keith Hollis, The University of Mississippi 


Applications and Summaries 
Key Concept Summaries 


Succinct summary tables reinforcing important principles and 


concepts are provided at the end of each chapter. 


Margin Notes 


Margin notes are placed 
carefully throughout 

the chapters, providing 
interesting information 
relating to topics covered 
in the text. Some margin 
notes are illustrated 

with photos to make the 
chemistry more relevant. 


Canola, soybeans, and flaxseed 
are excellent dietary sources 

of linolenic acid, an essential 
fatty acid. Oils derived from 
omega-3 fatty acids (Problem 
10.11) are currently thought 

to be especially beneficial for 
individuals at risk of developing 
coronary artery disease. 


Sample Problem 2.2 Label the acid and base, and lhe conjugate acid and base in Ihe following reaclion. Use curved 
arrow notalion lo show the movement of electron pairs. 


Solution 
CH; is the base because it accepts a proton, farming its conjugate acid, CH4. H20 is the acid 
because il donales a proton, forming its conjugate base, “OH. Two curved arrows are needed. One 
shows thal the lone pair on CHy bonds to a praton of HzO, and the second shows that the 
electron pair in lhe O-H bond remains on Q. 
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How To Name an Ester (RCO,R’) Using the IUPAC System 
Example Give a systemalic name for each ester; 

o 

E 


fe} 
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My 


Step[1] Name the R' group bonded to the oxygen atom as an alkyl group. 


+ The name of the alkyl group, ending in the suffix -y/, becomes the first part of the esler name 
0 
kO Ch 
Ç. i tert-butyl grou 
~ “a-g tyl group 
CH, 


Step[2] Name the acyl group {RCO~) by changing the -ic acid ending of the parent carboxylic acid to the suffix -ate. 
* Ths name of the acyl group becomes the second pari of the name. 


it 
C. *—~elhyl group 
CH `OCHCHa 


pi 
cH C~ OCH;CHa 
—— 
derived from 
ecete ack! =-=- aootate derived from 
cyclohexanecarboxylic acid ----+ cyclohexanecarboxylate 


Answer: herbbutyt eytiohoxanocarboxylae 


Answer: ethyl acetate 


KEY CONCEPTS 


____ 


General Facts About Alkenes 

« Alkenes conlain a carbon-carbon double bond consisting of a stronger a bond and a weaker z bond. Each carbon 1s sp” hybridized 
and trigonal planar (10.1) 

* Alkenes are named using Ihe sulfix -ene (10.3). 

* Alkenes with different groups on each end of the double bond exist as a pair of diastereomers, identified by the prefixes E and Z (10 3B) 

* Alkenes have weak inlermolecular forces, giving Ihem low mp's and bp's, and making them water insoluble. A cis alkene is more 
polar than a trans alkene, giving ıl a slightly higher boiling point (10.4), 

+ Because a x bond is electron rich and much weaker than a o bond, alkenes undergo aduilion reactions with electrophiles (10 8) 


Alkenes 


Stereochemistry of Alkene Addition Reactions (10.8) 
A EERE KY adds to a Gaubie bond in one of tte aAltereest wayt: 
* Syn additlon—X and Y add from Ihe same side 


H B 
mug=o H—BH, ers Me © Syn admon occurs wt hydroboration. 
ares n aiia 
* Anil additlon—X and Y add from opposite sides 
x 5 
vear % 0-04 * Anti addition occurs in halogenation and hatohydrin 
xmo f Xon formation. 


+ Both syn and anti addition cecar when carbocations aw miormađales 
H X(OH) H 


im, “ H-X ae i 
oze C-C., ad o-c * Syn and anti addition occur in hydrohalagenation and 
or T E ; a hydration. 
H0, H* X(OH) 


Addition Reactions of Alkenes 
{1] Hydrohalogenation— Addition of HX (X = CI, Br, 1) (10.39-10.11) 


RCH=CH, + H-x — | R-CH-CH, 
x A 
| aby haida 


[2] Hydration and related reactions (Addition of HzO or ROH) (10.12) 


z H,S0, For both reactions: 
HOHE CH, & H08 3 ane © The mechanism has Ihree sleps 
B * Carbocations are formed as inlermediales 


» The mechanism has iwo steps, 

* Carbocations are formed as inlermediates. 

* Carbocalion rearrangements are possible 

© Markoynicoy’s tule a hosed. H Bonds to this iess 
substiluled C lo form the more stable carbocalion. 

* Syn and met addition pocu. 


alcohol + Carbocation rearrangements are possible 
+ Markounmuiv's nia n fofowed, H banga 1g Iha Mest 
HSO, substinied C to forn the marn tabis airbase 
ACH=CH, + H-OR —— R-CH-GH, + Syn and anti addition occur. 
on À 
ether 


xviii Tools to Make Learning Organic Chemistry Easier 


Learning Resources for Instructors and Students 


The following items may accompany this text. Please consult your McGraw-Hill representative 
for policies, prices, and availability as some restrictions may apply. 


Student Study Guide/Solutions Manual 


Written by Janice Gorzynski Smith and Erin Smith Berk, the Student Study Guide/Solutions 
Manual provides step-by-step solutions to all in-chapter and end-of-chapter problems. Each 
chapter begins with an overview of key concepts and includes a short-answer practice test on the 
fundamental principles and new reactions. 


McGraw-Hill Connect® Chemistry 


www.mcgrawhillconnect.com/chemistry 


McGraw-Hill Connect® Chemistry is a web-based assignment and assessment platform that 
gives students the means to better connect with their coursework, with their instructors, and with 
the important concepts that they will need to know for success now and in the future. The chemi- 
cal drawing tool found within Connect Chemistry is PerkinElmer® ChemDraw, which is widely 
considered the “gold standard” of scientific draw- 
ing programs and the cornerstone application 
for scientists who draw and annotate molecules, 
reactions, and pathways. This collaboration of 
Connect and ChemDraw features an easy-to-use, 
intuitive, and comprehensive course management 
and homework system with professional-grade 
drawing capabilities. 


“The Connect assignments are great in the fact 
that you have so many ways to customize and 
change the settings in terms of assignment and 
individual question attempts and scoring. The 
eBook is very well done and I appreciate the 
note and highlighting abilities.” 

—Jason Dunham, Bass State University 


“Retrosynthesis! Synthesis is With Connect Chemistry, instructors can deliver assignments, quizzes, and tests online. 
so difficult... . [T]his was Questions from the text are presented in an auto-gradable format and tied to the text’s learning 
awesome! The conceptual objectives. Instructors can edit existing questions and author entirely new problems. They also 
development of chirality was can track individual student performance—by question, assignment, or in relation to the class 
exceptional. The references to overall—with detailed grade reports; integrate grade reports easily with Learning Management 
page numbers within the text Systems (LMS) such as WebCT and Blackboard; and much more. 
was great as it would make By choosing Connect Chemistry, instructors are providing their students with a powerful 


students actually look in the 
book!” 
—Jenny VanWyk, Southwestern 
Illinois College 


tool for improving academic performance and truly mastering course material. Connect Chem- 
istry allows students to practice important skills at their own pace and on their own schedule. 
Importantly, students’ assessment results and instructors’ feedback are all saved online—so 
students can continually review their progress and plot their course to success. 


Smith Organic Chemistry 4E 


library reports 
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Don't forget to save 1 To avoid losing your work, 
be sure to save before leaving this window. 
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“I just want to say that I 
really like LearnSmart and 
retrosynthesis, the feedback 
and several choices of 
reagents and substrates for 
the synthetic sequences.” 
—Hector Palencia, University 

of Nebraska—Kearney 


Please write the correct word(s) in the tæt boxes: 
A molecule that cannot be 
superimposed on its mirror 
image Is referred to by the 
generaltem[ _ č } 

whereas a carbon atom bonded 

to four different atoms or groups 
sa| =i center. 
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McGraw-Hill ConnectPlus® Chemistry 


connect 

ichemistry 

Featuring PerkinElmer” ChemDraw 
Like Connect Chemistry, McGraw-Hill ConnectPlus® Chemistry provides students with 
online assignments and assessments, plus 24/7 online access to an eBook—an online edition 
of the text—to aid them in successfully completing their work, wherever and whenever they 
choose. 


McGraw-Hill LearnSmart™ 


McGraw-Hill LearnSmart™ is available as a stand-alone product as well as an integrated feature 
of McGraw-Hill Connect® Chemistry. It is an adaptive learning system designed to help students 
learn faster, study more efficiently, and retain more knowledge for greater success. LearnSmart 
assesses a student’s knowledge of course content through a series of probes, pinpointing concepts 
the student does not understand. This innovative study tool also has features that allow instructors 
to see exactly what students have accomplished and a built-in assessment tool for graded assign- 
ments. Visit the following site for a demonstration. www.mhlearnsmart.com. 


d 


d Page 175 


“LearnSmart was great and fun for the students. It was game-like and they thought it 
would be very helpful. . . . The thing that was the best was that when I showed it to my 
students they stayed after class and tested it. They said that studying was better when 
it was fun, and LearnSmart was fun for them.” 

—Stacey Thomson, Pasco-Hernando Community College—West Campus 


Customizable Textbooks: McGraw-Hill Create™ 


Create what you’ve only imagined. Introducing McGraw-Hill Create™—a new, self-service 
website that allows you to create custom course materials (print and eBooks) by drawing upon 
McGraw-Hill’s comprehensive, cross-disciplinary content. Add your own content quickly and 
easily. Tap into other rights-secured third party sources as well. Then, arrange the content in a 
way that makes the most sense for your course, and if you wish, personalize your book with your 
course name and information. Choose the best delivery format for your course: color print, black- 
and-white print, or eBook. The eBook is now viewable for the iPad! And when you are finished 
customizing, you will receive a free PDF review copy in just minutes! Visit McGraw-Hill Create 
(www.mcgrawhillcreate.com) today and begin building your perfect book. 
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Presentation Tools 


Within the Instructor’s Presentation Tools, instructors have access to editable PowerPoint lec- 
ture outlines, which appear as ready-made presentations that combine art and lecture notes for 
each chapter of the text. For instructors who prefer to create their lecture notes from scratch, 
all illustrations, photos, tables, How To’s, and Sample Problems are pre-inserted by chapter into 
a separate set of PowerPoint slides. They are also available as indi- 
vidual .jpg files. 

An online digital library contains photos, artwork, animations, 
and other media types that can be used to create customized lectures, 
visually enhanced tests and quizzes, compelling course websites, or 
attractive printed support materials. All assets are copyrighted by 
McGraw-Hill Higher Education, but can be used by instructors for 
classroom purposes. The visual resources in this collection include: 
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e Art Full-color digital files of all illustrations in the book can be 
readily incorporated into lecture presentations, exams, or custom- 
made classroom materials. 
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e Tables Every table that appears in the text has been saved in 
electronic form for use in classroom presentations and/or quizzes. 
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—S (Rem et AN tant processes are also provided. Harness the visual impact of 
concepts in motion by importing these files into classroom presen- 
tations or online course materials. 


Brownstone’s Diploma Testing Software 


Serves up over 1,200 test questions to accompany Organic Chemistry. Diploma’s software allows 
you to quickly create a customized test using McGraw-Hill’s supplied questions, or by authoring 
your own questions. Diploma is a downloadable application that allows you to create your tests 
without an Internet connection—just download the software and question files directly to your 
computer. 
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McGraw-Hill Tegrity® records and distributes your lecture with just a click of a button. Students 
can view anytime/anywhere via computer, iPod, or mobile device. Tegrity indexes as it records 
your slideshow presentations and anything shown on your computer, so students can use key- 
words to find exactly what they want to study. 
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Mechanisms are the key to understanding the reactions of organic chemistry. For this reason, great care has been given to present mechanisms 
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Applications make any subject seem more relevant and interesting—for nonmajors and majors alike. The following is a list of the most important 
biological, medicinal, and environmental applications that have been integrated throughout Organic Chemistry. Each chapter opener showcases 
an interesting and current application relating to the chapter’s topic. (Code: G = general; M = medicinal; B = biological; E = environmental) 
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Examples of simple organic compounds—methane, a component in natural gas; ethanol, the alcohol in beer and 
wine; and trichlorofluoromethane, a refrigerant and aerosol propellant implicated in ozone destruction 

Some complex organic compounds that are useful drugs—the antibiotic amoxicillin, the antidepressant 
fluoxetine (Prozac), and AZT, a drug used to treat HIV 

The neurotoxin tetrodotoxin 

Trabectedin (Yondelis), a drug used to treat ovarian cancer and soft tissue carcinoma 
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L-Dopa, the drug of choice for the treatment of Parkinson’s disease (Opener, Section 1.14) 
Fosamax, a drug used to prevent bone loss in women (Section 1.5) 

Enanthotoxin, a poisonous compound isolated from hemlock water dropwort (Section 1.7) 
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Sulfuric acid, a major contributor to acid rain (Section 2.6) 


Introduction to Organic Molecules and Functional Groups 

Vitamin C, a water-soluble vitamin needed in the formation of the protein collagen (Opener) 
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Atenolol, a B blocker used to treat high blood pressure, and donepezil, used to treat Alzheimer’s disease 
(Section 3.2C) 
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What is organic chemistry? 
Some representative organic 
molecules 

Organic chemistry in the 
marine environment 


Organic chemistry. You might wonder how a discipline that conjures up images of eccentric 
old scientists working in basement laboratories is relevant to you, a student in the twenty-first 
century. 


Consider for a moment the activities that occupied your past 24 hours. You likely showered with 
soap, drank a caffeinated beverage, ate at least one form of starch, took some medication, read a 
newspaper, listened to a CD, and traveled in a vehicle that had rubber tires and was powered by 
fossil fuels. If you did any one of these, your life was touched by organic chemistry. 


What Is Organic Chemistry? 
e Organic chemistry is the chemistry of compounds that contain the element carbon. 


It is one branch in the entire field of chemistry, which encompasses many classical subdisciplines 
including inorganic, physical, and analytical chemistry, and newer fields such as bioinorganic 
chemistry, physical biochemistry, polymer chemistry, and materials science. 


Organic chemistry was singled out as a separate discipline for historical reasons. Originally, it 
was thought that compounds in living things, termed organic compounds, were fundamentally 
different from those in nonliving things, called inorganic compounds. Although we have known 
for more than 150 years that this distinction is artificial, the name organic persists. Today the 
term refers to the study of the compounds that contain carbon, many of which, incidentally, are 
found in living organisms. 


It may seem odd that a whole discipline is devoted to the study of a single element in the periodic 
table, when more than 100 elements exist. It turns out, though, that there are far more organic 
compounds than any other type. Organic chemicals affect virtually every facet of our lives, 
and for this reason, it is important and useful to know something about them. 


Clothes, foods, medicines, gasoline, refrigerants, and soaps are composed almost solely of 
organic compounds. Some, like cotton, wool, or silk are naturally occurring; that is, they can be 
isolated directly from natural sources. Others, such as nylon and polyester, are synthetic, mean- 
ing they are produced by chemists in the laboratory. By studying the principles and concepts of 
organic chemistry, you can learn more about compounds such as these and how they affect the 
world around you. 


Realize, too, what organic chemistry has done for us. Organic chemistry has made available both 
comforts and necessities that were previously nonexistent, or reserved for only the wealthy. We 
have seen an enormous increase in life span, from 47 years in 1900 to over 70 years currently. 
To a large extent this is due to the isolation and synthesis of new drugs to fight infections and the 
availability of vaccines for childhood diseases. Chemistry has also given us the tools to control 
insect populations that spread disease, and there is more food for all because of fertilizers, pes- 
ticides, and herbicides. Our lives would be vastly different today without the many products that 
result from organic chemistry (Figure 1). 
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b. Plastic syringes 


e Organic chemistry has given us contraceptives, plastics, antibiotics, and the knitted material used 
in synthetic heart valves. 


Some Representative Organic Molecules 


Perhaps the best way to appreciate the variety of organic molecules is to look at a few. Three 
simple organic compounds are methane, ethanol, and trichlorofluoromethane. 


¢ Methane, the simplest of all organic compounds, contains one carbon atom. Methane— 
the main component of natural gas—occurs widely in nature. Like other hydrocarbons— 
organic compounds that contain only carbon and hydrogen—methane is combustible; that 
is, it burns in the presence of oxygen. Methane is the product of the anaerobic (without air) 
decomposition of organic matter by bacteria. The natural gas we use today was formed by 
the decomposition of organic material millions of years ago. Hydrocarbons such as methane 
are discussed in Chapter 4. 


¢ Ethanol, the alcohol present in beer, wine, and other alcoholic beverages, is formed by the 
fermentation of sugar, quite possibly the oldest example of organic synthesis. Ethanol can 
also be made in the lab by a totally different process, but the ethanol produced in the lab 
is identical to the ethanol produced by fermentation. Alcohols including ethanol are dis- 
cussed in Chapter 9. 
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Cl ¢ Trichlorofluoromethane is a member of a class of molecules called chlorofluoroearbons or 

CI—C—F CFCs, which contain one or two carbon atoms and several halogens. Trichlorofluoromethane 

di is an unusual organic molecule in that it contains no hydrogen atoms. Because it has a low 
trichlorofluoromethane molecular weight and is easily vaporized, trichlorofluoromethane has been used as an aerosol 


propellant and refrigerant. It and other CFCs have been implicated in the destruction of the 
stratospheric ozone layer, as is discussed in Chapter 15. 


Because more complicated organic compounds contain many carbon atoms, organic chemists 
have devised a shorthand to draw them. Keep in mind the following when examining these 
structures: 


e Each solid line represents a two-electron covalent bond. 
e When no atom is drawn at the corner of a ring, an organic chemist assumes it to be 


carbon. 


For example, in the six-membered ring drawn, there is one carbon atom at each corner of the 


hexagon. 
y À 
H H i Ax, UH 
= iI |+— a two-electron bond 
H H naea aT 
| 


A carbon atom is located at each corner. | 


Three complex organic molecules that are important medications are amoxicillin, fluoxetine, 
and AZT. 


e Amoxicillin is one of the most widely used antibiotics in the penicillin family. The discovery 
and synthesis of such antibiotics in the twentieth century have made routine the treatment of 
infections that were formerly fatal. You were likely given some amoxicillin to treat an ear infec- 
tion when you were a child. The penicillin antibiotics are discussed in Chapter 22. 
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e Fluoxetine is the generic name for the antidepressant Prozac. Prozac was designed and 
synthesized by chemists in the laboratory, and is now produced on a large scale in chemi- 
cal factories. Because it is safe and highly effective in treating depression, Prozac is widely 
prescribed. Over 40 million individuals worldwide have used Prozac since 1986. 
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¢ AZT, azidodeoxythymidine, is a drug that treats human immunodeficiency virus (HIV), the 
virus that causes acquired immune deficiency syndrome (AIDS). Also known by its generic 
name zidovudine, AZT represents a chemical success to a different challenge: synthesizing 
agents that combat viral infections. 
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Other complex organic compounds having interesting properties are capsaicin and DDT. 


¢ Capsaicin, one member of a group of compounds called vanilloids, is responsible for the 
characteristic spiciness of hot peppers. It is the active ingredient in pepper sprays used for 
personal defense and topical creams used for pain relief. 
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¢ DDT, dichlorodiphenyltrichloroethane, is a pesticide once called “miraculous” by Winston 
Churchill because of the many lives it saved by killing disease-carrying mosquitoes. DDT 
use is now banned in the United States and many developed countries because it is a non- 
specific insecticide that persists in the environment. 
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What are the common features of these organic compounds? 


e All organic compounds contain carbon atoms and most contain hydrogen atoms. 
e All the carbon atoms have four bonds. A stable carbon atom is said to be tetravalent. 


e Other elements may also be present. Any atom that is not carbon or hydrogen is called 
a heteroatom. Common heteroatoms include N, O, S, P, and the halogens. 


e Some compounds have chains of atoms and some compounds have rings. 


These features explain why there are so many organic compounds: Carbon forms four strong 
bonds with itself and other elements. Carbon atoms combine together to form rings and 
chains. 


Organic Chemistry in the Marine Environment 


Nature has generously supplied the organic chemist with a wide variety of complex molecules, 
biologically active drugs, and curious ecological adaptations. In the past 40 years, the chemistry 
of the marine environment has proven to be especially fruitful in producing unique chemical 
compounds and unusual behaviors. 


For example, two complex molecules isolated from marine organisms are tetrodotoxin and tra- 
bectedin (Figure 2). 
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Figure 2 
Tetrodotoxin and trabectedin, 
natural products from o 
marine sources 
(0) (0) 
HO OH 
HN NHOH 
HN 
tetrodotoxin 
HO. 
NH CH 
CH,0 OCHs 
HO. CH3 
CH3CO, $ 
CH3 
CHN 
N 
[0] 


\—o OH 


trabectedin 


Ecteinascidia turbinata 


e Hydrogen atoms bonded to ring carbons are omitted in the structures of tetrodotoxin and 
trabectedin, a convention described in Section 1.8. 


e Tetrodotoxin, a neurotoxin, is found in puffer fish of the genus Fugu. Puffer fish, a culinary 
delicacy in Japan, must be carefully prepared to remove organs such as the liver and ovaries 
that contain unsafe levels of this potent poison. 


e Trabectedin, isolated from the sea squirt Ecteinascidia turbinata, is a novel anticancer drug 
recently approved in Europe for the treatment of ovarian cancer and soft tissue carcinoma. 
Trabectedin, also known as ecteinascidin 743, is marketed under the trade name Yondelis. 


Finally, the complex chemistry that allows an anemonefish to live among the stinging tentacles 
of a sea anemone has attracted the attention of chemists, biochemists, and chemical biologists 
(Figure 3). Over the last 25 years, it has been shown that anemonefish are covered in a mucous 


Figure 3 
The attractant amphikuemin, 
secreted by the sea anemone 
Heteractis crispa CHa 
k. 
| x 
H 
A i aiid 
CHg (0) +NH3 


amphikuemin 


sea anemone Heteractis crispa and 
the anemonefish Amphiprion perideraion 


e Hydrogen atoms bonded to carbon are omitted on the ring carbons and carbon chain in the 
structure of amphikuemin (Section 1.8). 


Prologue 


coating that protects them from the protein neurotoxin used by the sea anemone to ward off 
predators and kill prey. Moreover, the symbiosis between the sea anemone Heteractis crispa and 
the pink anemonefish Amphiprion perideraion is initiated by the secretion of amphikuemin, a 
compound of molecular formula C,¢6H25N303 derived from the amino acid lysine (Chapter 29). 
The details of many of the chemical phenomena in this intricate biological system are as yet 
unknown and awaiting discovery. 


In this introduction, we have seen a variety of molecules that have diverse structures. They rep- 
resent a miniscule fraction of the organic compounds currently known and the many thousands 
that are newly discovered or synthesized each year. The principles you learn in organic chemistry 
will apply to all of these molecules, from simple ones like methane and ethanol, to complex ones 
like capsaicin and trabectedin. It is these beautiful molecules, their properties, and their reactions 
that we will study in organic chemistry. 


WELCOME TO THE WORLD OF ORGANIC CHEMISTRY! 


L-Dopa, also called levodopa, was first isolated from seeds of the broad bean plant Vicia faba 
in 1913, Since 1967 it has been the drug of choice for the treatment of Parkinson's disease, a 
debilitating illness that results from the degeneration of neurons that produce the neurotrans- 
mitter dopamine in the brain. L-Dopa is an oral medication that is transported to the brain by 
the bloodstream, where it is converted to dopamine. Since L-dopa must be taken in large doses 
with some serious side effects, today it is often given with other drugs that lessen its negative 
impact on an individual. In Chapter 1, we learn about the structure, bonding, and properties of 
organic molecules like L-dopa. 


The periodic table 
Bonding 

Lewis structures 
Isomers 


Exceptions to the 

octet rule 

Resonance 
Determining molecular 
shape 

Drawing organic 
structures 
Hybridization 

Ethane, ethylene, and 
acetylene 


Bond length and bond 
strength 


Electronegativity and 
bond polarity 
Polarity of molecules 


t-Dopa—A representative 
organic molecule 
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Structure and Bonding 


1.1 


Before examining organic molecules in detail, we must review some important fea- 
tures about structure and bonding learned in previous chemistry courses. We will discuss these 
concepts primarily from an organic chemist’s perspective, and spend time on only the particulars 
needed to understand organic compounds. 


Important topics in Chapter 1 include drawing Lewis structures, predicting the shape of mol- 
ecules, determining what orbitals are used to form bonds, and how electronegativity affects bond 
polarity. Equally important is Section 1.8 on drawing organic molecules, both shorthand methods 
routinely used for simple and complex compounds, as well as three-dimensional representations 
that allow us to more clearly visualize them. 


The Periodic Table 


All matter is composed of the same building blocks called atoms. There are two main compo- 
nents of an atom. 


e The nucleus contains positively charged protons and uncharged neutrons. Most of the 
mass of the atom is contained in the nucleus. 


e The electron cloud is composed of negatively charged electrons. The electron cloud 
comprises most of the volume of the atom. 


[ Schematic of an atom | 


nucleus [protons + neutrons] 


BS ctociran cloud 


The charge on a proton is equal in magnitude but opposite in sign to the charge on an electron. 
In a neutral atom, the number of protons in the nucleus equals the number of electrons. This 
quantity, called the atomic number, is unique to a particular element. For example, every neu- 
tral carbon atom has an atomic number of six, meaning it has six protons in its nucleus and six 
electrons surrounding the nucleus. 


In addition to neutral atoms, we will also encounter charged ions. 


e A cation is positively charged and has fewer electrons than its neutral form. 
e An anion is negatively charged and has more electrons than its neutral form. 


The number of neutrons in the nucleus of a particular element can vary. Isotopes are two atoms 
of the same element having a different number of neutrons. The mass number of an atom is 
the total number of protons and neutrons in the nucleus. Isotopes have different mass numbers. 


Isotopes of carbon and hydrogen are sometimes used in organic chemistry, as we will see in 
Chapter 14. 


e The most common isotope of hydrogen has one proton and no neutrons in the nucleus, but 
0.02% of hydrogen atoms have one proton and one neutron. This isotope of hydrogen is 
called deuterium, and is sometimes symbolized by the letter D. 

e Most carbon atoms have six protons and six neutrons in the nucleus, but 1.1% have six pro- 
tons and seven neutrons. 


The atomic weight is the weighted average of the mass of all isotopes of a particular element, 
reported in atomic mass units (amu). 


Figure 1.1 
A comparison of two isotopes 
of the element carbon 


A row in the periodic table is 
also called a period, anda 
column is also called a group. 
A periodic table is located on 
the inside front cover for your 
reference. 


Carbon’s entry in the periodic 
table: 


group number 4A 


atomic number ae Say F 
element symbol —> 
element eoni. Carbon | 
atomic weight ——> 12.01 


Figure 1.2 

A periodic table of the 
common elements seen in 
organic chemistry 
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6 protons 6 protons 


The atomic number is the same. 
+ i + 


6 neutrons 7 neutrons 


i -L 
mass number 12 E The mass number is different. —> mass number 13 


Each atom is identified by a one- or two-letter abbreviation that is the characteristic symbol for that 
element. Carbon is identified by the single letter C. Sometimes the atomic number is indicated as 
a subscript to the left of the element symbol, and the mass number is indicated as a superscript, 
as shown in Figure 1.1. 


Long ago it was realized that groups of elements have similar properties, and that these atoms 
could be arranged in a schematic way called the periodic table. There are more than 100 known 
elements, arranged in the periodic table in order of increasing atomic number. The periodic table 
is composed of rows and columns. 


¢ Elements in the same row are similar in size. 
e Elements in the same column have similar electronic and chemical properties. 


Each column in the periodic table is identified by a group number, an Arabic (1 to 8) or Roman 
(I to VID) numeral followed by the letter A or B. For example, carbon is located in group 4A in 
the periodic table in this text. 


Although more than 100 elements exist, most are not common in organic compounds. Figure 1.2 
contains a truncated periodic table, indicating the handful of elements that are routinely seen in 
this text. Most of these elements are located in the first and second rows of the periodic table. 


Across each row of the periodic table, electrons are added to a particular shell of orbitals around 
the nucleus. The shells are numbered 1, 2, 3, and so on. Adding electrons to the first shell forms 
the first row. Adding electrons to the second shell forms the second row. Electrons are first 
added to the shells closest to the nucleus. These electrons are held most tightly. 


Each shell contains a certain number of subshells called orbitals. An orbital is a region of space 
that is high in electron density. There are four different kinds of orbitals, called s, p, d, and f. The 
first shell has only one orbital, called an s orbital. The second shell has two kinds of orbitals, s 
and p, and so on. Each type of orbital occupies a certain space and has a particular shape. 


| group number — 1A 2A 3A 4A 5A 6A 7A BA 
first ow —> H 
second row —> Li BA C N {Oj F 
Na lmg] sl elslal 
K Br | 
: 
ead 
| columns | 


¢ Note the location of carbon in the second row, group 4A. 
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For the first- and second-row elements, we must deal with only s orbitals and p orbitals. 


e Ans orbital has a sphere of electron density. It is lower in energy than other orbitals of the 
same shell, because electrons are kept close to the positively charged nucleus. An s orbital 
is filled with electrons before a p orbital in the same shell. 

¢ Ap orbital has a dumbbell shape. It contains a node of electron density at the nucleus. A 
node means there is no electron density in this region. A p orbital is higher in energy than 
an s orbital (in the same shell) because its electron density is farther away from the nucleus. 
A p orbital is filled with electrons only after an s orbital of the same shell is full. 


| s orbital | | p orbital | 
Si f no electron density 
nucleus E ba at the node 


lower in energy higher in energy 


Let’s now look at the elements in the first and second rows of the periodic table. 


1.1A The First Row 


The first row of the periodic table is formed by adding electrons to the first shell of orbitals around 
the nucleus. There is only one orbital in the first shell, called the 1s orbital. 


e Remember: Each orbital can have a maximum of two electrons. 
As a result, there are two elements in the first row, one having one electron added to the 1s 
orbital, and one having two. The element hydrogen (H) has what is called a 1s' configuration 


with one electron in the 1s orbital, and helium (He) has a 1s? configuration with two electrons 
in the 1s orbital. 


first row —> H He 


| 7 
1s! «————— electronic configuration ——————— 1s? 
Les een 


1.1B The Second Row 


Every element in the second row has a filled first shell of electrons. Thus, all second-row elements 
have a 1s” configuration. These electrons in the inner shell of orbitals are called core electrons, 
and are not usually involved in the chemistry of a particular element. 


Each element in the second row of the periodic table has four orbitals available to accept addi- 
tional electrons: 


è one 2s orbital, the s orbital in the second shell 
e three 2p orbitals, all dumbbell-shaped and perpendicular to each other along the x, y, and z axes 


| A À ! b 90° 
#- = A~ / 50° 


2s orbital 2p, orbital 2py orbital 2p, orbital all three 2p orbitals 
drawn on the same 
set of axes 


Problem 1.1 
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Because each of the four orbitals in the second shell can hold two electrons, there is a maximum 
capacity of eight electrons for elements in the second row. The second row of the periodic table 
consists of eight elements, obtained by adding electrons to the 2s and three 2p orbitals. 


| group number na 2A 3A 4A 5A 6A 7A 8A 


second row— Li | Be jB |c | N| o| F | Ne 
Í number of 8 
i valence electrons | ! 2 TOE P F EJS 


The outermost electrons are called valence electrons. The valence electrons are more loosely 
held than the electrons closer to the nucleus, and as such, they participate in chemical reac- 
tions. The group number of a second-row element reveals its number of valence electrons. 
For example, carbon in group 4A has four valence electrons, and oxygen in group 6A has six. 
While the most common isotope of nitrogen has a mass number of 14 (nitrogen-14), a radioactive 
isotope of nitrogen has a mass number of 13 (nitrogen-13). Nitrogen-13 is used in PET (positron 
emission tomography) scans by physicians to monitor brain activity and diagnose dementia. For 
each isotope, give the following information: (a) the number of protons; (b) the number of neutrons; 
(c) the number of electrons in the neutral atom; and (d) the group number. 


Bonding 


Until now our discussion has centered on individual atoms, but it is more common in nature to 
find two or more atoms joined together. 


¢ Bonding is the joining of two atoms in a stable arrangement. 


Bonding may occur between atoms of the same or different elements. Bonding is a favorable 
process because it always leads to lowered energy and increased stability. Joining two or more 
elements forms compounds. Although only about 100 elements exist, more than 50 million 
compounds are known. Examples of compounds include hydrogen gas (H32), formed by joining 
two hydrogen atoms, and methane (CHy), the simplest organic compound, formed by joining a 
carbon atom with four hydrogen atoms. 


One general rule governs the bonding process. 
e Through bonding, atoms attain a complete outer shell of valence electrons. 


Alternatively, because the noble gases in group 8A of the periodic table are especially stable as 
atoms having a filled shell of valence electrons, the general rule can be restated. 


e Through bonding, atoms attain a stable noble gas configuration of electrons. 


What does this mean for first- and second-row elements? A first-row element like hydrogen can 
accommodate two electrons around it. This would make it like the noble gas helium at the end 
of the same row. A second-row element is most stable with eight valence electrons around it 
like neon. Elements that behave in this manner are said to follow the octet rule. 


There are two different kinds of bonding: ionic bonding and covalent bonding. 


e lonic bonds result from the transfer of electrons from one element to another. 
e Covalent bonds result from the sharing of electrons between two nuclei. 


The type of bonding is determined by the location of an element in the periodic table. An ionic bond 
generally occurs when elements on the far left side of the periodic table combine with elements 
on the far right side, ignoring the noble gases, which form bonds only rarely. The resulting ions 
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Atoms readily form ionic 
bonds when they can attain 

a noble gas configuration by 
gaining or losing just one or 
two electrons. NaCl and KI are 
ionic compounds. 


A compound may have either 
ionic or covalent bonds. A 
molecule has only covalent 
bonds. 


Problem 1.2 


are held together by extremely strong electrostatic interactions. A positively charged cation 
formed from the element on the left side attracts a negatively charged anion formed from the 
element on the right side. The resulting salts are seen in many of the inorganic compounds with 
which you are familiar. Sodium chloride (NaCl) is common table salt, and potassium iodide (KI) 
is an essential nutrient added to make iodized salt. 


Ionic compounds form extended crystal lattices that maximize the positive and negative elec- 
trostatic interactions. In NaCl, each positively charged Na* ion is surrounded by six negatively 
charged CI ions, and each CI ion is surrounded by six Na* ions. 


_ NaCIl—An ionic crystalline lattice 
@-- 


& = Nat 


Lithium fluoride, LiF, is an example of an ionic compound. 


e The element lithium, located in group 1A of the periodic table, has just one valence electron 
in its second shell. If this electron is lost, lithium forms the cation Li* having no electrons in 
the second shell. However, it will have a stable electronic arrangement with two electrons in 
the first shell like helium. 

e The element fluorine, located in group 7A of the periodic table, has seven valence electrons. 
By gaining one it forms the anion F7, which has a filled valence shell (an octet of electrons), 
like neon. 


e Thus, lithium fluoride is a stable ionic compound. 


"filled 12 configuration | 


| (like He) 
Li- > Lit + e 
one valence 
electron PT 
8 Lit F | 
. = ionic 
iF. $ g = F: compound 
seven valence = j 
electrons eight valence electrons 


(like Ne) 


e The transfer of electrons forms stable salts composed of cations and anions. 


The second type of bonding, covalent bonding, occurs with elements like carbon in the middle 
of the periodic table, which would otherwise have to gain or lose several electrons to form an ion 
with a complete valence shell. A covalent bond is a two-electron bond, and a compound with 
covalent bonds is called a molecule. Covalent bonds also form between two elements from the 
same side of the table, such as two hydrogen atoms or two chlorine atoms. H}, Cl, and CH; are 
all examples of covalent molecules. 


Label each bond in the following compounds as ionic or covalent. 
a. Fo b. LiBr c. CH3CH3 d. NaNH, 


Nonbonded pair of 
electrons = unshared pair 
of electrons = lone pair 


Problem 1.3 


Figure 1.3 


Summary: The usual number 
of bonds of common 
neutral atoms 


1.3 
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How many covalent bonds will a particular atom typically form? As you might expect, it depends 
on the location of the atom in the periodic table. In the first row, hydrogen forms one covalent 
bond using its one valence electron. When two hydrogen atoms are joined in a bond, each has a 
filled valence shell of two electrons. 


H+ H — H:H 


damida Sna 


' 
| one valence electron a two-electron bond | 
L J 


Second-row elements can have no more than eight valence electrons around them. For neu- 
tral molecules, two consequences result. 


e Atoms with one, two, three, or four valence electrons form one, two, three, or four 
bonds, respectively, in neutral molecules. 


e Atoms with five or more valence electrons form enough bonds to give an octet. This results 
in the following simple equation: 


predicted | s 
| EEST bende = 8 number of valence electrons 


For example, B has three valence electrons, so it forms three bonds, as in BF3. N has five valence 
electrons, so it also forms three bonds (8 — 5 = 3 bonds), as in NH3. 


These guidelines are used in Figure 1.3 to summarize the usual number of bonds formed by the 
common atoms in organic compounds. Notice that when second-row elements form fewer than 
four bonds their octets consist of both bonding (shared) electrons and nonbonding (unshared) 
electrons. Unshared electrons are also called lone pairs. 


How many covalent bonds are predicted for each atom? 


a. O b. Al c. Br d. Si 
| nonbonded electron pair | 
| ; of | 
—H —c— = =Q =X! X=F,Cl, Br, I 
| : 
number of bonds —> 1 4 3 2 1 


number of nonbonded 
electron pairs =x 0 0 1 2 3 


Lewis Structures 


Lewis structures are electron dot representations for molecules. There are three general rules 
for drawing Lewis structures. 


1. Draw only the valence electrons. 
2. Give every second-row element no more than eight electrons. 
3. Give each hydrogen two electrons. 
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To draw a Lewis structure for a diatomic molecule like HF, recall that hydrogen has one valence 
electron and fluorine has seven. H and F each donate one electron to form a two-electron bond. 
The resulting molecule gives both H and F a filled valence shell. 


two electrons eight electrons - 
around H around F three lone pairs ] 


H + Ë —— H:F: or H—F: 


The letter X is often used to 
represent one of the halogens 
in group 7A: F, Cl, Br, or I. 


| a two-electron bond | 


In a Lewis structure, a solid line indicates a two-electron covalent bond. 


1.3A A Procedure for Drawing Lewis Structures 


Drawing a Lewis structure for larger molecules is easier if you follow a stepwise procedure. 


How To Draw a Lewis Structure 


Step [1] Arrange atoms next to each other that you think are bonded together. 


e Always place hydrogen atoms and halogen atoms on the periphery because H and X (X = F, Cl, Br, and I) form only 
one bond each. 


H H 
For CH4: H C H not H C H H 
H 


— 


This H cannot form two bonds. 


{ 


e Asa first approximation, place no more atoms around an atom than the number of bonds it usually forms. 


` four atoms around C q | three atoms around N 
H Fi H H 
For CHN: H C N H not H C NH 
H H H 


e In truth, the proper arrangement of atoms may not be obvious, or more than one arrangement may be possible 
(Section 1.4). Even in many simple molecules, the connectivity between atoms must be determined experimentally. 


Step [2] Count the electrons. 


e Count the number of valence electrons from all atoms. 
Add one electron for each negative charge. 
e Subtract one electron for each positive charge. 
e This sum gives the total number of electrons that must be used in drawing the Lewis structure. 


Step [3] Arrange the electrons around the atoms. 


e Place a bond between every two atoms, giving two electrons to each H and no more than eight to any 
second-row atom. 


e Use all remaining electrons to fill octets with lone pairs. 


e If all valence electrons are used and an atom does not have an octet, form multiple bonds, as shown in Sample 
Problem 1.2. 


Step [4] Assign formal charges to all atoms. 


e Formal charges are discussed in Section 1.3C. 


Sample Problem 1.1 


Problem 1.4 


1.3B 


Sample Problem 1.2 
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Sample Problem 1.1 illustrates how to draw a Lewis structure of a simple organic molecule. 


Draw a Lewis structure for methanol, a compound with molecular formula CH,O. 


Solution 
Step [1] Arrange the atoms. 


H e Place the second-row elements, C and O, in the middle. 


H C OH e Place three H’s around C to surround C by four atoms. 
H e Place one H next to O to surround O by two atoms. 


Step [2] Count the electrons. 


1Cx4e= 4e 
10x6e= 6e 
4Hx1le= 4e 

14 e€ total 


Step [3] Add the bonds and lone pairs. 
e Add five two-electron bonds to form the C-H, C-O, and O-H bonds, using 10 of the 14 


electrons. 
e Place two lone pairs on the O atom to use the remaining four electrons and give the O atom 
an octet. 
Add bonds first... ... then lone pairs. 
jn 
H-Ç-0-H maa 
H 
no octet 


valid structure 


only 10 electrons used 
To check if a Lewis structure is valid, we must answer YES to three questions. 


e Have all the electrons been used? 
e Is each H surrounded by two electrons? 
e Is each second-row element surrounded by no more than eight electrons? 


Since the answer to all three questions is YES, we have drawn a valid Lewis structure for CH,O. 


Draw a valid Lewis structure for each species: 
a. CH3CH3 b. CHsN c. CH7 d. CHCI 


Multiple Bonds 


Sample Problem 1.2 illustrates two examples of when multiple bonds are needed in Lewis structures. 


Draw a Lewis structure for each compound. Assume the atoms are arranged as follows: 


a. ethylene, CH4 b. acetylene, CoH 
HC CH HC CH 
H H 
Solution 


a. Ethylene, CoH,: Follow Steps [1] to [3] to draw a Lewis structure. After placing five bonds between 
the atoms and adding the two remaining electrons as a lone pair, one C still has no octet. 

Step [2] Count the electrons. Step [3] Add the bonds and lone pairs. 

20x40 = 86 Add bonds first... „then lone pairs. 

4Hxle= 4e e 

12 e` total Co Samas * eye 
H H fo H H 
no octet 
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To give both C's an octet, change one lone pair into one bonding pair of electrons between 
the two C's, forming a double bond. 


ethylene 
a valid Lewis structure 


This uses all 12 electrons, each C has an octet, and each H has two electrons. The Lewis structure 
is valid. Ethylene contains a carbon-carbon double bond. 


b. Acetylene, C2H3: A similar phenomenon occurs with acetylene. Placing the 10 valence electrons 
gives a Lewis structure in which one or both of the C's lack an octet. 


Step [2] Count the electrons. Step [8] Add the bonds and lone pairs. 
2Cx4e= 8e 3 y 
2Hx1e =- 26 Add bonds first... ...then lone pairs. 
10 e total a ast fas 
H=G+G-H <---> H=-G-C=H or H-C—C—H 
no octet no octets 


In this case, change two lone pairs into two bonding pairs of electrons, forming a triple bond. 
Carbon always forms four 
ponas in Stapie-orgenic H-CÍÈ-H -==> H-C=Ġ-H ===> [HOC=C-H \<— Each C now has four bonds. 
molecules. Carbon forms A d ! l 
single, double, and triple bonds vie ask acetylene 


to itself and other elements. a valid Lewis structure 


Fora Sesonatowrolament This uses all 10 electrons, each C has an octet, and each H has two electrons. The Lewis structure is 
in a stable molecule: valid. Acetylene contains a carbon-carbon triple bond. 


number of bonds | 


e After placing all electrons in bonds and lone pairs, use a lone pair to form a multiple 


+ _ number of lone pairs | bond if an atom does not have an octet. 
4 | You must change one lone pair into one new bond for each two electrons needed to complete 


—_ an octet. In acetylene, for example, four electrons were needed to complete an octet, so two lone 
pairs were used to form two new bonds, forming a triple bond. 


Problem 1,5 Draw an acceptable Lewis structure for each compound, assuming the atoms are connected as 
arranged. Hydrogen cyanide (HCN) is a poison, formaldehyde (HCO) is a preservative, and glycolic 
acid (HOCH2CO>H) is used to make dissolving sutures. 


H O 
a. HCN HCN b. HCO HCO c. HOCH,CO3H HOC COH 
H H 


1.3C Formal Charge 


To manage electron bookkeeping in a Lewis structure, organic chemists use formal charge. 
e Formal charge is the charge assigned to individual atoms in a Lewis structure. 


By calculating formal charge, we determine how the number of electrons around a particular atom 
compares to its number of valence electrons. Formal charge is calculated as follows: 


formal charge = number of ___ number of electrons 
orma ad od _ valence electrons | an atom “owns” | 


Sample Problem 1.3 


Problem 1.6 


Problem 1.7 
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The number of electrons “owned” by an atom is determined by its number of bonds and lone pairs. 


e An atom “owns” all of its unshared electrons and half of its shared electrons. 


number of = number of P al number of | 
electrons owned _ unshared electrons | 2 [shared electron 


The number of electrons “owned” by different carbon atoms is indicated in the following examples: 


—cCc— —C=C— a 
| | | | 
e C shares eight electrons. e Each C shares eight electrons. e C shares six electrons. 
e C “owns” four electrons. ¢ Each C “owns” four electrons. e C has two unshared electrons. 


e C “owns” five electrons. 


Sample Problem 1.3 illustrates how formal charge is calculated on the atoms of a polyatomic ion. 
The sum of the formal charges on the individual atoms equals the net charge on the molecule 
or ion. 


Determine the formal charge on each atom in the ion H30*. 
Werk, + 
| H= OH | 
H 


Solution 
For each atom, two steps are needed: 


Step [1] Determine the number of electrons an atom “owns.” 
Step [2] Subtract this sum from its number of valence electrons. 


[1] number of electrons “owned” by O [1] number of electrons “owned” by each H 
2+1) =5 0+1) =1 


[2] formal charge on O [2] formal charge on each H 


6 - 5 =] 1- 1 = 0] 


The formal charge on each H is 0. The formal charge on oxygen is +1. The overall charge on the 
ion is the sum of all of the formal charges;0+0+0+1=+1. 


Calculate the formal charge on each second-row atom: 


+ 

r 
a. H-N- 
H 


H b. CH,—N=C: c. :0=0-6: 


Draw a Lewis structure for each ion: 
a. CH307 b. HC.” c. (CH3NHs3)* d. (CHaNHY 
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Sometimes it is easier to count 
bonds, rather than shared 
electrons when determining 
formal charge. 


3[number of shared 
electrons] = number of bonds 


A shortcut method to 
determine the number of bonds 
in a Lewis structure is given 

in the Student Study Guide/ 
Solutions Manual (page 1-4). 


1.4 


Probiem 1.8 


1.5 
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When you first add formal charges to Lewis structures, use the procedure in Sample Problem 
1.3. With practice, you will notice that certain bonding patterns always result in the same formal 
charge. For example, any N atom with four bonds (and, thus no lone pairs) has a +1 formal charge. 
Table 1.1 lists the bonding patterns and resulting formal charges for carbon, nitrogen, and oxygen. 


Table 1.1 Formal Charge Observed with Common Bonding Patterns e 
forC, N,and O 


Number 


Formal charge 
of valence 
Atom electrons +1 0 =f 
+ | Er 

C 4 =o = o— —cC— 

| | 
N 5 =y i i 
o 6 —ö- —ğ— —6F 

Isomers 


In drawing a Lewis structure for a molecule with several atoms, sometimes more than one 
arrangement of atoms is possible for a given molecular formula. For example, there are two 
acceptable arrangements of atoms for the molecular formula C,H,O. 


H H H H 

L OE s : Ega d 
ott gto 

H H H H 

ethanol dimethyl ether 


same molecular formula 
CHO 


Both are valid Lewis structures, and both molecules exist. One is called ethanol, and the other, 
dimethyl ether. These two compounds are called isomers. 


e Isomers are different molecules having the same molecular formula. 


Ethanol and dimethyl ether are constitutional isomers because they have the same molecular 
formula, but the connectivity of their atoms is different. For example, ethanol has one C—C bond 
and one O-H bond, whereas dimethyl ether has two C—O bonds. A second class of isomers, 
called stereoisomers, is introduced in Section 4.13B. 


Draw Lewis structures for each molecular formula. 


a. C2H4Cl; (two isomers) b. C3HgO (three isomers) c. CaHe (two isomers) 


Exceptions to the Octet Rule 


Most of the common elements in organic compounds—C, N, O, and the halogens—follow the 
octet rule. Hydrogen is a notable exception, because it accommodates only two electrons in bond- 
ing. Additional exceptions include boron and beryllium (second-row elements in groups 3A and 
2A, respectively), and elements in the third row (particularly phosphorus and sulfur). 


Alendronic acid, sold as a 
sodium salt under the trade 
name of Fosamax, is used to 
prevent osteoporosis in women. 
Osteoporosis decreases 

bone density, as shown by 
comparing normal bone (top) 
with brittle bone (bottom). 


Cn 


1.6 
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Elements in groups 2A and 3A of the periodic table, such as beryllium and boron, do not have 
enough valence electrons to form an octet in a neutral molecule. Lewis structures for BeH, and 
BF; show that these atoms have only four and six electrons, respectively, around the central atom. 
There is nothing we can do about this! There simply aren’t enough electrons to form an octet. 


H-Be-H -F—B—F: 
four electrons around Be six electrons around B 


Because the Be and B atoms each have less than an octet of electrons, these molecules are highly 
reactive. 


A second exception to the octet rule occurs with some elements located in the third row and 
later in the periodic table. These elements have empty d orbitals available to accept electrons, 
and thus they may have more than eight electrons around them. For organic chemists, the two 
most common elements in this category are phosphorus and sulfur, which can have 10 or even 
12 electrons around them. Examples of these phosphorus and sulfur compounds include the 
following: 


| 10 electrons around S | | 12 electrons around S | “10 electrons around each P 
HOH O: 


T a T at tT ex 
CH3—S—CH 3 HO-S—QH HQ-P-Ç—P-QH 
:0: HQ: CH2?QH 
CH2CHNH3 
dimethyl sulfoxide sulfuric acid alendronic acid 
(abbreviated as DMSO) 
Resonance 


Some molecules can’t be adequately represented by a single Lewis structure. For example, two 
valid Lewis structures can be drawn for the anion (HCONH). One structure has a negatively 
charged N atom and a C—O double bond; the other has a negatively charged O atom and a C-N 
double bond. These structures are called resonance structures or resonance forms. A double- 
headed arrow is used to separate two resonance structures. 


double-headed arrow | 


e Resonance structures are two Lewis structures having the same placement of atoms 
but a different arrangement of electrons. 


Which resonance structure is an accurate representation for (HCONH) ? The answer is neither 
of them. The true structure is a composite of both resonance forms, and is called a resonance 
hybrid. The hybrid shows characteristics of both resonance structures. 


Each resonance structure implies that electron pairs are localized in bonds or on atoms. In actuality, 
resonance allows certain electron pairs to be delocalized over two or more atoms, and this delo- 
calization of electron density adds stability. A molecule with two or more resonance structures 
is said to be resonance stabilized. We will return to the resonance hybrid in Section 1.6C. First, 
however, we examine the general principles of resonance theory and learn how to interconvert two 
or more resonance structures. 
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1.6A 


Resonance structures are 
different ways of drawing 
the same compound. Two 
resonance structures are not 
different compounds. 


Problem 1.9 


1.6B 


Rule [1] 


An Introduction to Resonance Theory 


Keep in mind the following basic principles of resonance theory. 


e Resonance structures are not real. An individual resonance structure does not 
accurately represent the structure of a molecule or ion. Only the hybrid does. 

e Resonance structures are not in equilibrium with each other. There is no movement of 
electrons from one form to another. 

e Resonance structures are not isomers. Two isomers differ in the arrangement of both 
atoms and electrons, whereas resonance structures differ only in the arrangement of 
electrons. 


For example, ions A and B are resonance structures because the atom position is the same in 
both compounds, but the location of an electron pair is different. In contrast, compounds C and 
D are isomers since the atom placement is different; C has an O-H bond, and D has an addi- 
tional C-H bond. 


| Resonance structures | Isomers 
an O—H bond 
One electron pair is in a different location. a 
:O-H :O: 
ba | II 
CH3—C=0: and CH3~O=0: CH =C-CH, and CH3—C-CH3 
A B Cc | D 


one more C—H bond 


Classify each pair of compounds as isomers or resonance structures. 
3 E m a eh m 
a. ‘N=c=6: and ic=N-6! b. HO-C-GF and HÖ-C=Q: 


Considering structures A-D, classify each pair of compounds as isomers, resonance structures, or 
neither: (a) A and B; (b) A and C; (c) A and D; (d) B and D. 


20: ‘6: :6: iO: 
oe P oe oe 
CH,—C-OH CH;—C=6H CHy-C-GH H-C—CH,OH 
H 
A B Cc D 


Drawing Resonance Structures 


To draw resonance structures, use the three rules that follow: 


Two resonance structures differ in the position of multiple bonds and nonbonded electrons. The 
placement of atoms and single bonds always stays the same. 


The position of a lone pair is different. | 


Ö: 10: 
= <—_____> l 
H—-C—N-H H-C=N-H 
A B | 


j The position of the double bond is different. 
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Rule [2] Two resonance structures must have the same number of unpaired electrons. 


6: 
= mN e A and B have no unpaired electrons. 
| two unpaired electrons _ >= © e Cis nota resonance structure of A and B. 
u c 


Rule [3] Resonance structures must be valid Lewis structures. Hydrogen must have two electrons and no 
second-row element can have more than eight electrons. 


1 
H=C=N-H 


l 


10 electrons around C 
| not a valid Lewis structure 


Curved arrow notation is a convention that shows how electron position differs between the 
two resonance forms. 


e Curved arrow notation shows the movement of an electron pair. The tail of the arrow 
always begins at an electron pair, either in a bond or lone pair. The head points to 
where the electron pair “moves.” 


| Move an electron pair to O. | 


A curved arrow always begins 20: E 
at an electron pair. It ends at an H-C-Ñ—H e H-C=N—H 
atom or a bond. V 

A ft B 


| Use this electron pair to form a double bond. 


Resonance structures A and B differ in the location of two electron pairs, so two curved arrows 
are needed. To convert A to B, take the lone pair on N and form a double bond between C and 
N. Then, move an electron pair in the C—O double bond to form a lone pair on O. Curved arrows 
thus show how to reposition the electrons in converting one resonance form to another. The 
electrons themselves do not actually move. Sample Problem 1.4 illustrates the use of curved 
arrows to convert one resonance structure to another. 


Sample Problem 1.4 Follow the curved arrows to draw a second resonance structure for each ion. 


Pi ns 
a. CH»=G—CH, b. H-G-C-CHsg 
H H 


Solution 
a. The curved arrow tells us to move one electron pair in the double bond to the adjacent C- C 
bond. Then determine the formal charge on any atom whose bonding is different. 


r j 
| Move one electron pair... | 
IN + > 
CH:=Ç— CHa —— CHp—C=CH 
H | H 


...then assign the formal charge (+1). | 


Positively charged carbon atoms are called carbocations. Carbocations are unstable 
intermediates because they contain a carbon atom that is lacking an octet of electrons. 
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b. Two curved arrows tell us to move two electron pairs. The second resonance structure has a 
formal charge of (-1) on O. 


Move two electron pairs... 


Pate S 
H-Ö-C-CH; ———> H-Ç=0-CH; 
H H 


[ ...then caléulate formal charges. 


This type of resonance-stabilized anion is called an enolate anion. Enolates are important 
intermediates in many organic reactions, and all of Chapters 23 and 24 is devoted to their 
preparation and reactions. 


Problem 1,11 Follow the curved arrows to draw a second resonance structure for each species. 


a. H-okd: ——>* b. cH, =G+oLbH, —— 
H H H 


Problem 1.12 Use curved arrow notation to show how the first resonance structure can be converted to the 
second. 


os -ss - 


a. CH,—C=C-CH, — CH)=C—C-CH, b. =ç- — j-e- 
H H H H :OF :0: 

Two resonance structures can have exactly the same kinds of bonds, as they do in the carbocation 

in Sample Problem 1.4a, or they may have different types of bonds, as they do in the enolate in 

Sample Problem 1.4b. Either possibility is fine as long as the individual resonance structures are 

valid Lewis structures. 


A resonance structure can have an atom with fewer than eight electrons around it. B is a resonance 
structure of A even though the carbon atom is surrounded by only six electrons. 


Go: OF 
Ii Lx only six electrons around C 
Zo on 
CHS CH, cH * 


A B 
a valid resonance structure 


In contrast, a resonance structure can never have a second-row element with more than eight 
electrons. C is not a resonance structure of A because the carbon atom is now surrounded by 10 


electrons. 
:0: :0° 
i? il 40 electrons around C 
Zon, X PAoa 
CHS OCh; CH; CH 
A C 


not a valid resonance structure 


The ability to draw and manipulate resonance structures is an important skill that will be needed 
throughout your study of organic chemistry. With practice, you will begin to recognize certain 
common bonding patterns for which more than one Lewis structure can be drawn. For now, 
notice that: 


We will learn much more about 
resonance in Chapter 16. 


1.6 Resonance 23 


e A second resonance structure can be drawn when a lone pair is located on an atom 
directly bonded to a multiple bond. 


lone pair adjacent to C=C 


CH=CH, — -ËH —Ç=CH}; 
H H 
OF 
=<} l 
H—-G"C-CHy +——> H-C=C—CH, 
H H 


lone pair adjacent to C=0 


e A second resonance structure can be drawn when an atom bearing a (+) charge is 
bonded to either a multiple bond or an atom with a lone pair. 


(+) charge adjacent to a LN + Big a 
| double bond | Sa Gha: 2 on 
H H 
(+) charge adjacent to oe a 
an atom with a lone pair CHs—-Q--CH2 < > CH3—OQ=CH2 


Problem 1.13 Draw a second resonance structure for each species. 


a. CHs—C=C—C-CH, b. CHs-C-CH, c. H-Ç=C-ğ]: 
H 


C | l 
H Gh: H H 


1.6C The Resonance Hybrid 


The resonance hybrid is the composite of all possible resonance structures. In the resonance hybrid, 
the electron pairs drawn in different locations in individual resonance structures are delocalized. 


e The resonance hybrid is more stable than any resonance structure because it delocalizes 
electron density over a larger volume. 


What does the hybrid look like? When all resonance forms are identical, as they were in the 
carbocation in Sample Problem 1.4a, each resonance form contributes equally to the hybrid. 


When two resonance structures are different, the hybrid looks more like the “better” resonance 
structure. The “better” resonance structure is called the major contributor to the hybrid, and all 
others are minor contributors. The hybrid is the weighted average of the contributing resonance 
structures. What makes one resonance structure “better” than another? There are many factors, 
but for now, we will learn just two. 
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Common symbols and 
conventions used in organic 
chemistry are listed on the 
inside back cover. 


n 


Probiem 1,14 


Problem 1.15 


LZ 


e A “better” resonance structure is one that has more bonds and fewer charges. 


oo: 0: 
il l 
CH; —C-H +———* CH- G-H 
X Y 
more bonds minor contributor 


fewer charges 


major contributor 


Comparing resonance structures X and Y, X is the major contributor because it has more bonds 
and fewer charges. Thus, the hybrid looks more like X than Y. 


How can we draw a hybrid, which has delocalized electron density? First, we must determine 
what is different in the resonance structures. Two differences commonly seen are the position of 
a multiple bond and the site of a charge. The anion (HCONHY illustrates two conventions for 
drawing resonance hybrids. 


i oe oP 
af hi —CO=N— Hr 
H-C-N-H <———+ H-C=Ñ—H TE 
A B om 


individual resonance structures resonance hybrid 


¢ Double bond position. Structure A has a C—O double bond, whereas structure B has a 
C-N double bond. A dashed line in the hybrid indicates partial double bond character 
between these atoms. 

e Location of the charge. A negative charge resides on different atoms in A and B. The sym- 
bol ò (for a partial negative charge) indicates that the charge is delocalized on the N and O 
atoms in the hybrid. 


This discussion of resonance is meant to serve as an introduction only. You will learn many more 
facets of resonance theory in later chapters. In Chapter 2, for example, the enormous effect of 
resonance on acidity is discussed. 


Label the resonance structures in each pair as major, minor, or equal contributors to the hybrid. 
Then draw the hybrid. 


Nee + em ® 2 
a. CHs—G-N-CH, <——*> CH3—C=N—CHg b. CHz=C-CH, «——> “CH,~C=CH, 
H H H H H 


Draw a second resonance structure for nitrous acid. Label each resonance structure as a major, 
minor, or equal contributor to the hybrid. Then draw the resonance hybrid. 


H-O-N=6: 


nitrous acid 


Determining Molecular Shape 


We can now use Lewis structures to determine the shape around a particular atom in a molecule. 
Consider the H,O molecule. The Lewis structure tells us only which atoms are connected to each 
other, but it implies nothing about the geometry. What does the overall molecule look like? Is 
H,O a bent or linear molecule? Two variables define a molecule’s structure: bond length and 
bond angle. 


1.7A 


Although the SI unit for bond 
length is the picometer (pm), 
the angstrom (A) is still widely 
used in the chemical literature; 
1 Å = 10" m. As a result, 

1 pm = 10° A, and 95.8 pm = 
0.958 Å. 


1.7B 


To determine geometry: 

[1] Draw a valid Lewis 
structure; [2] count groups 
around a given atom. 
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Bond Length 


Bond length is the average distance between the centers of two bonded nuclei. Bond lengths 
are typically reported in picometers (pm), where 1 pm = 107’? m. For example, the O-H bond 
length in H,O is 95.8 pm. Average bond lengths for common bonds are listed in Table 1.2. 


¢ Bond length decreases across a row of the periodic table as the size of the atom 
decreases. 


e Bond length increases down a column of the periodic table as the size of an atom 


increases. 
H—F < H—-Cl < H—Br 
Increasing bond leriathlllll” > 


Learn these general trends. Often, knowing such trends is more useful than learning a set of 
exact numbers, because we are usually interested in comparisons rather than absolute values. 


Table 1.2 Average Bond Lengths *} 


Bond Length (pm) Bond Length (pm) Bond Length (pm) 

H-H 74 H-F 92 C-F 133 

C-H 109 H-Cl 127 C-Cl 177 

N-H 101 H-Br 141 C-Br 194 

O-H 96 H-I 161 C-I 213 
Bond Angle 


Bond angle determines the shape around any atom bonded to two other atoms. To determine the 
bond angle and shape around a given atom, we must first determine how many groups surround 
the atom. A group is either an atom or a lone pair of electrons. Then we use the valence shell 
electron pair repulsion (VSEPR) theory to determine the shape. VSEPR is based on the fact 
that electron pairs repel each other; thus: 


¢ The most stable arrangement keeps these groups as far away from each other as 
possible. 


A second-row element has only three possible arrangements, defined by the number of groups 
surrounding it. 


Number of groups Geometry Bond angle ~ 
e two groups linear 180° 

è three groups trigonal planar 120° 

e four groups tetrahedral 109.5° 


Let’s examine several molecules to illustrate this phenomenon. In each example, we first need 
a valid Lewis structure, and then we merely count groups around a given atom to predict its 
geometry. 
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Most students in organic 
chemistry find that building 
models helps them visualize 
the shape of molecules. Invest 
in a set of models now. 


Common element colors are 
also shown on the inside back 
cover. 
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Two Groups Around an Atom 


Any atom surrounded by only two groups is linear and has a bond angle of 180°. Two examples 
illustrating this geometry are BeH, (beryllium hydride) and HC =CH (acetylene). We consider 
each carbon atom in acetylene separately. Because each C is surrounded by two atoms and no lone 
pairs, each H-C-—C bond angle in acetylene is 180°, and therefore all four atoms are linear. 


| Two linear molecules | 


180° 180° 
H*Be—H Hookc-H = sO 
iw s £ 
{ 180° 


two atoms around Be two atoms around each C ball-and-stick model 


two groups two groups 


Acetylene illustrates another important feature: ignore multiple bonds in predicting geometry. 
Count only atoms and lone pairs. 


We will begin to represent molecules with models having balls for atoms and sticks for bonds, as 
in the ball-and-stick model of acetylene just shown. These representations are analogous to a set 
of molecular models. Balls are color-coded using accepted conventions: carbon (black), hydrogen 
(white or gray), oxygen (red), and so forth, as shown. 


210038000090 
6 H O N F: Cl Br I S P 


Three Groups Around an Atom 


Any atom surrounded by three groups is trigonal planar and has bond angles of 120°. Two 
examples illustrating this geometry are BF, (boron trifluoride) and CH, = CH; (ethylene). Each 
carbon atom of ethylene is surrounded by three atoms and no lone pairs, making each H-C-C 


bond angle 120°. 
| Two trigonal planar molecules 


120° 
ao H H 
FO OF 
`B ose) 120 = 
F H H - 


three atoms around B three atoms around each C 


ethylene 


three groups three groups 


All three B—F bonds lie in one plane. All six atoms lie in one plane. 


Four Groups Around an Atom 


Any atom surrounded by four groups is tetrahedral and has bond angles of approximately 
109.5°. For example, the simple organic compound methane, CH4, has a central carbon atom with 
bonds to four hydrogen atoms, each pointing to a corner of a tetrahedron. This arrangement keeps four 
groups farther apart than a square planar arrangement in which all bond angles would be only 90°. 


oO 


| Tetrahedral arrangement | 


i Square planar arrangement 


H 90° 
109.5° >| P ZM 
A c 
ER P H oH 


preferred geometry 
larger H-C-H bond angle 


This geometry does not occur. 
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How can we represent the three-dimensional geometry of a tetrahedron on a two-dimensional 
piece of paper? Place two of the bonds in the plane of the paper, one bond in front and one 
bond behind, using the following conventions: 


e A solid line is used for a bond in the plane. 
e A wedge is used for a bond in front of the plane. 
e A dashed line is used for a bond behind the plane. 


H 
bonds in the plane | 
7 OĘ"H bond behind = 


HON 


Š @ 
bond in front ball-and-stick model of CH, 


This is just one way to draw a tetrahedron for CH4. We can turn the molecule in many different 
ways, generating many equivalent representations. For example, all of the following are accept- 


able drawings for CH4. 
H H HH H H 
é é g z 
H NP nH H>H HA 


Each drawing has two solid lines, one wedge, and one dashed line. 


Finally, wedges and dashes are used for groups that are really aligned one behind another. 
It does not matter in the following two drawings whether the wedge or dash is skewed to the left 
or right, because the two H atoms are really aligned as shown in the three-dimensional model. 


All carbons in stable molecules The position of the wedge and dash can be switched. The two H atoms are really aligned. 
are tetravalent, but the 


geometry varies with the HH HH 
number of groups around the Bá pi \: ~ 
particular carbon. H Zon 4 Š ” Zo SH i 2 


equivalent representations 


Problem 1.16 Draw two different three-dimensional representations for CHCl; (dichloromethane) using wedges 
and dashes. 


Ammonia (NH3) and water (H20) both have atoms surrounded by four groups, some of which 
are lone pairs. In NH4, the three H atoms and one lone pair around N point to the corners of a 
tetrahedron. The H-N-H bond angle of 107° is close to the theoretical tetrahedral bond angle 
of 109.5°. This molecular shape is referred to as a trigonal pyramid, because one of the groups 
around the N is a nonbonded electron pair, not another atom. 


One corner of the tetrahedron 
has an electron pair, not a bond. 
Lewis structure 
eats Na., a 
H —> 


Jt 1077 # 
four groups around N 


trigonal pyramid 


In H,O, the two H atoms and two lone pairs around O point to the corners of a tetrahedron. The 
H-O-H bond angle of 105° is close to the theoretical tetrahedral bond angle of 109.5°. Water has 
a bent molecular shape, because two of the groups around oxygen are lone pairs of electrons. 


28 Chapter 1 Structure and Bonding 


_ Two corners of the tetrahedron 
have electron pairs, not bonds. 


Lewis structure | 
H—Ö-H gt hy ji —@. J 
105° 
four groups around O a bent molecule 


In both NH; and H,O the bond angle is somewhat smaller than the theoretical tetrahedral bond 
angle because of repulsion of the lone pairs of electrons. The bonded atoms are compressed into 
a smaller space with a smaller bond angle. 


Predicting geometry based on counting groups is summarized in Table 1.3. 


table 1.3 Summary: Determining Geometry Based on the Number of Groups all 
eT 


Number of groups 


around an atom Geometry Bond angie Examples 
2 linear 180° BeHs, HC=CH 
3 trigonal planar 120° BF3, CHs= CH» 
4 tetrahedral 109.5° CH, NH3, H2O 


Sample Problem 1.5 Determine the geometry around the indicated atom in each species. 


H 
ae is | 
a. O=c=Gz b. H-N=H 
ZH 
Solution 
H T 
a. :0=C=6: b. —N+H — Ni, 
RT H N H X g K H 
180 H 109.5° 
two atoms around C four atoms around N 
no lone pairs no lone pairs 
two groups four groups —— tetrahedral 
linear 


Determine the geometry around all second-row elements in each compound. 


T oe =.. 
a. CH3;—C—CH, b. CH;—Ö-CH; c. NH3 d. CH,—C=N: 


Problem 1,13 Predict the indicated bond angles in each compound. 
H H 
= I | 
a. CHy £ CŽC7CI b. CHy=C¥CI o. cH,“C~cI 
H 
Problem 1.19 Using the principles of VSEPR theory, you can predict the geometry around any atom in any 


molecule, no matter how complex. Enanthotoxin is a poisonous compound isolated from a 
common variety of hemlock grown in England. Predict the geometry around the indicated atoms in 
enanthotoxin. 


H 
l 
Ho HOH H/ 
ae + £-G-G-G-C-C-CHs 
HQ-O-G C-C HHHHH 
ù -C=Cc-c=c-” fh 
H H 


The hemlock water dropwort 
is the source of the poison enanthotoxin 
enanthotoxin. 


1.8 


1.8A 


Recall from the prologue: 
A heteroatom is any atom that 
is not C or H. 


Figure 1.4 


Examples of condensed 
structures 
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Drawing Organic Structures 


Drawing organic molecules presents a special challenge. Because they often contain many 
atoms, we need shorthand methods to simplify their structures. The two main types of shorthand 
representations used for organic compounds are condensed structures and skeletal structures. 


Condensed Structures 


Condensed structures are most often used for compounds having a chain of atoms bonded 
together, rather than a ring. The following conventions are used: 


e All of the atoms are drawn in, but the two-electron bond lines are generally omitted. 
e Atoms are usually drawn next to the atoms to which they are bonded. 

e Parentheses are used around similar groups bonded to the same atom. 

e Lone pairs are omitted. 


To interpret a condensed formula, it is usually best to start at the left side of the molecule and 
remember that the carbon atoms must be tetravalent. A carbon bonded to three H atoms becomes 
CH;; a carbon bonded to two H atoms becomes CH, and so forth. Two examples of condensed 
formulas for compounds having only carbon and hydrogen are given below. 

1 e 


| | 
H-C-C-C-C-H = CH3CH,CH,CH, or CH3(CH3)2CH3 


2 CH, groups bonded together 


(CHa) CH 


| 
wis a 

E 

1i 


Other examples of condensed structures with heteroatoms and carbon—carbon multiple bonds are 
given in Figure 1.4. You must learn how to convert a Lewis structure to a condensed structure, 
and vice versa. 


HH W H H 
L A | l l 

H-Ç-Ç—¢Ç—Ç-Ç-H = CH3CH2ÇHCH2CH3 or CH3CH2CH(CH3)CH2CH3 
H H H H 


CH, 
H-C-H | | 
H = 


Parentheses indicate the CH, is | 
bonded to the carbon chain. 


eee: 
H-Ç-C=0-Ç-H = CH3CH=CHCH3 
| 
| Keep the double bond. 
Hone 
H-C—C—C-O-H = (CHs)sCHCH,OH 
H H 
H-Ç-H i ; 
H | Draw the heteroatoms without lone pairs. | 
HH ge | 
*CI-C-C-C-9-C-CHg =  ClCHCH,CHZ0C(CH3)3 or ClaCH(CH2)20C(CH3)3 
HHH CH3 
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Figure 1.5 


Condensed structures 
containing a C-O double bond 


Sample Problem 1.6 


Problem 1.20 


Problem 1.21 


Problem 1.22 


| Both O atoms are bonded to the same C. 
:0: sO: sO: F 10: p 


C C C C 
CH; `H CH CH, CH; “OH CH; OCH, 
CH,CHO CHsCOCH, CH,CO3H CH3CO,CH, 


e Take special note of condensed structures with oxygen atoms. In these examples, the only way for 
all atoms to have an octet is by having a carbon-oxygen double bond. 


Translating some condensed formulas is not obvious, and it will come only with practice. This 
is especially true for compounds containing a carbon—oxygen double bond. Some noteworthy 
examples in this category are given in Figure 1.5. While carbon-carbon double bonds are gener- 
ally drawn in condensed structures, carbon—oxygen double bonds are usually omitted. 


Convert each condensed formula to a Lewis structure. 
a. (CH3)2CHOCHCH2CH2OH b. CH3(CH2)eCO.C(CHa)3 


Solution 
Start at the left and proceed to the right, making sure that each carbon has four bonds. Give any 
heteroatom enough lone pairs to have an octet. 


a. (CH3)sCHOCH;CH»CH,OH b. CHs(CH,)sCO,C(CHa)3 
we HE 
H-G—G-0-G-C-C-Q-H _ groups 
H | HHH on one C 
C 


Both O atoms are 


2 CH, groups on one C 
9 i bonded to the same C. 


Convert each condensed formula to a Lewis structure. 


a. CH3(CH2)4CH(CHs)o c. (CHg)gCCH(OH)CHsCH3 

b. (CH3)>CHCH(CH2CHa)2 d. (CH3CHCHO 

Simplify each condensed structure by using parentheses around similar groups. 

CHOH ÇHs CHa 

a. CHgCHs,CH,CH,CH,Cl CG: HOCH;—C—CHaCH»CHy—C—CH»—G—CHg 
CHCHg H CH3 CH3 

b. CHsCH2CHs-C—CH2CHg 
H 


During periods of strenuous exercise, the buildup of lactic acid [CH3CH(OH)CO2H] causes 
the aching feeling in sore muscles. Convert this condensed structure to a Lewis structure 
of lactic acid. 


ae srana 
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1.8B Skeletal Structures 


Skeletal structures are used for organic compounds containing both rings and chains of atoms. Three 
important rules are used to draw them: 


e Assume there is a carbon atom at the junction of any two lines or at the end of any line. 
e Assume there are enough hydrogens around each carbon to make it tetravalent. 
e Draw in all heteroatoms and the hydrogens directly bonded to them. 


Carbon chains are drawn in a zigzag fashion, and rings are drawn as polygons, as shown for 
hexane and cyclohexane. 


Hexane Cyclohexane 

H H H i i H | Each C has 2 H's bonded to it. | 
H-Ç-Ç-Ç-Ç-Ç-Ç-H — 

1 J k a) 

H HH HHH 

|} Hih 

A Sa eae H: 2G. JA 

skeletal structure = H-¢ GH 

z H—C_ CH 

CH3CH2CHsCH2CH2CH3 H `c 
condensed structure skeletal structure H H 


How To Interpret a Skeletal Structure 


Example Draw in all C atoms, H atoms, and lone pairs in the following molecule: 
ie) 


Po hrmait py 


Step [1] Place aC atom at the intersection of any two lines and at the end of any line. 
(0) 


(0) 
¢ 
A-™on 777 oN 0n 


e This molecule has six carbons, including the C labeled in red at the left end of the chain. 
e There are two C’s (labeled in green) between the C=C and the OH group. 


Step [2] Add enough H’s to make each C tetravalent. 


O (0) H HH 
& e ce H E O 
ere ng, a > Sse Na As 
e” ~c* e OH = Add H's to give uÊ i W OH 
C four bonds H H HH 


e The end C labeled in red needs three H’s to be tetravalent. 
e Each C on the C=C has three bonds already, so only one H must be drawn, 
e There are two CH; groups between the C=C and the OH group. 


Step [3] Add lone pairs to give each heteroatom an octet. 


two lone pais” ~o: H HH 
| 


| \/ 
i aie A No A two lone pairs 
yr - bet 
H™ | i /\ 
H H HH 


Each O needs two lone pairs for an octet. 
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Figure 1.6 j H Ha 
Interpreting skeletal structures OQ. ging a as a 
NH, AddC's. C.-C. .-NH, AddH's and H-0. of o7NHe 
lone pair. H / H Dy 
H H H 


e C labeled in red needs 3 H’s. 
e C's labeled in blue need 1 H. 
* All other C’s need 2 H’s. 

+ N needs one lone pair. 


eS ----+ @-C=C-@ ----> @H;-C=C-CH, 
Add C's. Add H's. 


* C’s labeled in red need 3 H’s. 
e C’s labeled in green have four bonds to C. 


Figure 1.6 shows other examples of skeletal structures, and Sample Problem 1.7 illustrates how 
to interpret the skeletal structure for a more complex cyclic compound. 


Sample Problem 1.7 Draw a complete structure for vanillin showing all C atoms, H atoms, and lone pairs. Vanillin is the 
principal component of the extract of the vanilla bean. 


HO CHO 


vanillin 


vanilla bean 


Solution 

Skeletal structures have a C atom at the junction of any two lines and at the end of any line. Each 
C must have enough H’s to make it tetravalent. In structures that contain a -CHO group, the C 
atom is doubly bonded to the O atom and singly bonded to H. Each O atom needs two lone pairs 
to have a complete octet. 


| This C has 3 H's. | 
l _ This C is part of a C=O. m 
9 if CH3—0: M i 
os pre, © 
HO CHO = H—0-—C C-C 
= \ y K, 
\ C-Q H 


are =] 
| This C has four bonds already, 
so it is bonded to no H's. CgHgO3 


1.8 Drawing Organic Structures 33 


Problem 1.23 How many hydrogen atoms are present around each indicated carbon atom in the following 
molecules? What is the molecular formula for each molecule? Both compounds are active 
ingredients in some common sunscreens. 


octinoxate Ë 
(2-ethylhexyl 4-methoxycinnamate) 


ce 
| (0) oO 
avobenzone a ? 


Problem 1.24 Convert each skeletal structure to a complete structure with all C’s, H’s, and lone pairs drawn in. 
O H 
Sy N 
a. ae b. C) c. e d. o~ ” 


When heteroatoms are bonded to a carbon skeleton, the heteroatom is joined directly to the car- 
bon to which it is bonded, with no H atoms in between. Thus, an OH group is drawn as OH or 
HO depending on where the OH is located. In contrast, when carbon appendages are bonded to 
a carbon skeleton, the H atoms will be drawn to the right of the carbon to which they are bonded 
regardless of the location. 


HO NH3 9 
C CH3CH CHCH 
pipa r ~CHs wae ita 


Place the O and N atoms This C is bonded to the C=O. This C is bonded to the ring. 
directly joined to the ring. 


1.8C Skeletal Structures with Charged Carbon Atoms 


Take care in interpreting skeletal structures for positively and negatively charged carbon atoms, 
because both the hydrogen atoms and the lone pairs are omitted. Keep in mind the following: 


e A charge on a carbon atom takes the place of one hydrogen atom. 


e The charge determines the number of lone pairs. Negatively charged carbon atoms 
have one lone pair and positively charged carbon atoms have none. 


The (+) charge takes 
the place of one H. Only one mor H is bonded here. 


ie (-) charge takes Only one more H is bonded here. 


the place of one H. 
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Problem 1.25 


Problem 1.26 


1.9 


1.9A 


Skeletal structures often leave out lone pairs on heteroatoms, but don't forget about them. 
Use the formal charge on an atom to determine the number of lone pairs. For example, a neutral 
O atom with two bonds needs two additional lone pairs, and a positively charged O atom with 
three bonds needs only one lone pair. 


H 
se + | 
NAH = AWD, Zw Oe = A HK, 


A positively charged O atom “owns” 


A neutral O atom “owns” six electrons: five electrons, one fewer than its group 
e two bonds (four bonding electrons) number of six: 


e two lone pairs (four unshared electrons). e three bonds (six bonding electrons) 
© one lone pair (two unshared electrons). 


Draw in all hydrogens and lone pairs on the charged carbons in each ion. 


g Cy : O i A gr d. j 


Draw a skeletal structure for the molecules in parts (a) and (b), and a condensed structure for the 
molecules in parts (c) and (d). 


a. (CHs)2C=CH(CH,)4CHs c. Bda 
H 


10) 
A M Aii dee 
b. ee d. HO SS oO 


HaN—-C—C-H 
H H 


Hybridization 


What orbitals do the first- and second-row atoms use to form bonds? Let’s begin with hydrogen 
and then examine the orbitals used for bonding by atoms in the second row. 


Hydrogen 


Recall from Section 1.2 that two hydrogen atoms share each of their electrons to form H3. Thus, 
the 1s orbital on one H overlaps with the 1s orbital on the other H to form a bond that concentrates 
electron density between the two nuclei. This type of bond, called a o (sigma) bond, is cylindri- 
cally symmetrical because the electrons forming the bond are distributed symmetrically about an 
imaginary line connecting the two nuclei. 


His His H——H 
| Two 1s orbitals overlap. © + & ——= aa 
| obond 


¢ Ao bond concentrates electron density on the axis that joins two nuclei. All single 
bonds are o bonds. 


1.9B 
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Bonding in Methane 


To account for the bonding patterns observed in more complex molecules, we must take a closer 
look at the 2s and 2p orbitals of atoms of the second row. Let’s illustrate this with methane, CH4. 


Carbon has two core electrons, plus four valence electrons. To fill atomic orbitals in the most 
stable arrangement, electrons are placed in the orbitals of lowest energy. For carbon, this places 
two in the 2s orbital and one each in two 2p orbitals. 


++ — 


| C (1s?) + 
` 4 valence electrons 
2s p= 


e This lowest energy arrangement of electrons for an atom is called its ground state. 


In this description, carbon should form only two bonds because it has only two unpaired valence 
electrons, and CH; should be a stable molecule. In reality, however, CH) is a highly reactive spe- 
cies that cannot be isolated under typical laboratory conditions. In CH», carbon would not have 
an octet of electrons. 


H—Ö-—H 
no octet (unstable) 


There is a second possibility. Promotion of an electron from a 2s to a vacant 2p orbital would form 
four unpaired electrons for bonding. This process requires energy because it moves an electron 
to a higher energy orbital. This higher energy electron configuration is called an electronically 
excited state. 


2 = i aia oP 


energy four unpaired electrons 
2s if 2s -$ 
| ground state for carbon | excited state for carbon 


This description is still not adequate. Carbon would form two different types of bonds: three with 
2p orbitals and one with a 2s orbital. But experimental evidence points to carbon forming four 
identical bonds in methane. 


To solve this dilemma, chemists have proposed that atoms like carbon do not use pure s and pure 
p orbitals in forming bonds. Instead, atoms use a set of new orbitals called hybrid orbitals. The 
mathematical process by which these orbitals are formed is called hybridization. 


e Hybridization is the combination of two or more atomic orbitals to form the same 
number of hybrid orbitals, each having the same shape and energy. 


Hybridization of one 2s orbital and three 2p orbitals for carbon forms four hybrid orbitals, each with 
one electron. These new hybrid orbitals are intermediate in energy between the 2s and 2p orbitals. 


ripen mies 
Po E hybridize |e 
sp? 


t | 


2s four hybrid orbitals 


os 


+ + ~—— four unpaired electrons 
3 3 
P s sp 


Pp 


four atomic orbitals 
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v 
i Y 


p orbital sp? hybrid orbital 


Figure 1.7 
Bonding in CH, using sp? 
hybrid orbitals 


Lec 


e These hybrid orbitals are called sp? hybrids because they are formed from one s orbital 
and three p orbitals. 


What do these new hybrid orbitals look like? Mixing a spherical 2s orbital and three dumbbell- 
shaped 2p orbitals together produces four orbitals having one large lobe and one small lobe, 
oriented toward the corners of a tetrahedron. Each large lobe concentrates electron density in the 
bonding direction between two nuclei. This makes bonds formed from hybrid orbitals stronger 
than bonds formed from pure p orbitals. 


| x 
os + “hb ---- hybridize _ Sips tetrahedron 
= > 


2s orbital three 2p orbitals together _ four sp? hybrid orbitais | 
a — l 


The four hybrid orbitals form four equivalent bonds. We can now explain the observed bond- 
ing in CH4. 


e Each bond in CH, is formed by overlap of an sp? hybrid orbital of carbon with a 1s 
orbital of hydrogen. These four bonds point to the corners of a tetrahedron. 


All four C-H bonds in methane are o bonds, because the electron density is concentrated on the 
axis joining C and H. An orbital picture of the bonding in CH; is given in Figure 1.7. 


What orbitals are used to form each of the C-C and C-H bonds in CH3CH2CHs3 (propane)? How 
many o bonds are present in this molecule? 


4 


v 


ball-and-stick model of CH4 sp? hybrid orbitals 


1s orbitals 


All four C-H bonds are o bonds. | 


Other Hybridization Patterns—sp and sp* Hybrid Orbitals 


Forming sp? hybrid orbitals is just one way that 2s and 2p orbitals can hybridize. In fact, three 
common modes of hybridization are seen in organic molecules. The number of orbitals is always 
conserved in hybridization; that is, a given number of atomic orbitals hybridize to form an 
equivalent number of hybrid orbitals. 


e One 2s orbital and three 2p orbitals form four sp? hybrid orbitals. 
e One 2s orbital and two 2p orbitals form three sp? hybrid orbitals. 
e One 2s orbital and one 2p orbital form two sp hybrid orbitals. 


We have already seen pictorially how four sp? hybrid orbitals are formed from one 2s and three 
2p orbitals. Figures 1.8 and 1.9 illustrate the same process for sp and sp” hybrids. Each sp and sp” 
hybrid orbital has one large and one small lobe, much like an sp’ hybrid orbital. Note, however, 
that both sp* and sp hybridization leave one and two 2p orbitals unhybridized, respectively, on 
each atom. 


To determine the hybridization of an atom in a molecule, we count groups around the atom, just 
as we did in determining geometry. The number of groups (atoms and nonbonded electron 


Figure 1.8 


Forming two sp 
hybrid orbitals 


Figure 1.9 


Forming three sp” 
hybrid orbitals 


The superscripts for hybrid 
orbitals correspond to the 
number of atomic orbitals 
used to form them. The number 
“1” is understood. 


For example: spè = rs 
— = 


one 2s + three 2p orbitals 
used to make each 
hybrid orbital 


Bel, | 
2 2 
1s Qa s k 


1.9 Hybridization 37 


| — = es ee | Two 2p orbitals remain 
2p 2p 2p TET 2p 2p | unhybridized. 
hybridize =o rcn 
PERE üa sp sp 
Os 


two atomic orbitals 


two hybrid orbitals 


e Forming two sp hybrid orbitals uses one 2s and one 2p orbital, leaving two 2p orbitals 
unhybridized. 


ege | one 2p orbital remains | 
2 2 2 hybridized. 
p p p hybridize | unhybridize 


three hybrid orbitals 


three atomic orbitals 


e Forming three sp? hybrid orbitals uses one 2s and two 2p orbitals, leaving one 2p orbital 
unhybridized. 


pairs) corresponds to the number of atomic orbitals that must be hybridized to form the 


hybrid orbitals. 
| number of orbitals used type of hybrid orbital 


| number of groups 
around an atom 


a 


2 2 two sp hybrid orbitals 
3 3 three sp? hybrid orbitals 
4 4 four sp? hybrid orbitals 


Let’s illustrate this phenomenon with BeH,, BF3, NH3, and H,O. We already determined the 
geometry in these molecules by counting groups in Section 1.7. 


In BeH,, the Be atom is sp hybridized because it is surrounded by two groups (two H atoms). 
Each Be—H bond is formed by overlap of an sp hybrid orbital from Be and a 1s orbital from H. 
The sp hybrid orbitals are oriented 180° away from each other. 


In BF3, the B atom is sp” hybridized because it is surrounded by three groups (three F atoms). 
Each B-F bond is formed by overlap of an sp” hybrid orbital from B and a 2p orbital from F. 
The sp” hybrid orbitals all lie in a plane, and are oriented 120° apart. The B atom also has a vacant 
unhybridized 2p orbital. This orbital is located above and below the plane of the BF; molecule. 


BF, — Two views | 


from above from the side 


t t EN -F 
sp hybrid orbitals i> ON 120 
sp? sp? 
two Be-H bonds 
2p 


_ The three B-F bonds all | The unhybridized p orbital 
| lie in a plane, 120° apart. extends above and below the plane. 


J m — 
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The N atom in NH4 and the O atom in H,0 are both surrounded by four groups, making them 
sp hybridized. Each N-H and O-H bond in these molecules is formed by overlap of an sp? 
hybrid orbital with a 1s orbital from H. The lone pairs of electrons on N and O also occupy sp? 
hybrid orbitals, as shown in Figure 1.10. 


Figure 1.10 unshared unshared 
Hybrid orbitals of NHs and HzO oleoron pal electron pare 


ma S g 


NH, = Dw. Ow = HO 


sp? 


Sample Problem 1.8 What orbitals are used to form each bond in methanol, CHOH? 


Solution 
To solve this problem, draw a valid Lewis structure and count groups around each atom. Then, use 
the rule to determine hybridization: two groups = sp, three groups = sp”, and four groups = sp*. 


H 
! 


eX 
four groups around C | four groups around O 
sp? hybridized sp? hybridized 


e All C-H bonds are formed from C.,3— His. 
e The C-O bond is formed from Csp? ~ Osps. 
e The O-H bond is formed from Oṣp?— His. 


Problem 1.28 What orbitals are used to form each bond in the following molecules? 
a. CH3BeH b. (CH3)3B c. CH30CH, 


1.10 Ethane, Ethylene, and Acetylene 


Let’s now use the principles of hybridization to determine the type of bonds in ethane, ethylene, 
and acetylene. 


H H H H 
ore X / 
H-G—G—H pHa. H—C=C—H 
H H H H 
ethane ethylene acetylene 


1.10A Ethane—CH;CH; 


According to the Lewis structure for ethane, CH3CH3, each carbon atom is singly bonded to 
four other atoms. As a result: 


e Each carbon is tetrahedral. 
e Each carbon is sp? hybridized. 


HH 
H 
CHCH = H° Pa 5 eo 
H H a 


ethane tetrahedral C atoms 
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All of the bonds in ethane are o bonds. The C—H bonds are formed from the overlap of one of 
the three sp* hybrid orbitals on each carbon atom with the 1s orbital on hydrogen. The C-C bond 
is formed from the overlap of an sp* hybrid orbital on each carbon atom. 


Two sp? hybrid orbitals overlap 
| to form the C-C bond. 


Each C-H bond is formed by overlap of 
| an sp? hybrid on C with a 1s orbital on H. 


Finally, a model of ethane shows that rotation can occur around the central C-C o bond. 
Note how the relative position of the H atoms on the adjacent CH; groups changes from one 
representation to another. This process is discussed in greater detail in Chapter 4. 


Ethane is a constituent of 
natural gas. 


Pa Rik: S g” 
Z a é 


| Bond rotatlon can occur here. : 
Note where the colored H atom is located | 
in both structures. | 


1.10B Ethylene—C,H, 


Based on the Lewis structure of ethylene, CH,= CH), each carbon atom is singly bonded to two 
H atoms and doubly bonded to the other C atom, so each C is surrounded by three groups. As a 
result: 


e Each carbon is trigonal planar (Section 1.7B). 
e Each carbon is sp” hybridized. 


CH=CH, = =g ) 120° 
H] pH 


three groups around C 


ethylene 


What orbitals are used to form the two bonds of the C-C double bond? Recall from Section 1.9 
that sp? hybrid orbitals are formed from one 2s and two 2p orbitals, leaving one 2p orbital 
unhybridized. Because carbon has four valence electrons, each of these orbitals has one elec- 
tron that can be used to form a bond. 


| — | 


2p 2p | 2p ) 2p 
hybridize + + 
sp? sp? sp? 


Ethylene is an important starting 
material in the preparation of 
the plastic polyethylene. 


E3 „| This 2p orbital has 


| one electron. 


—------ > 


te | 


2s sp? hybridized C 


unhybridized C 
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Each C-H bond results from the end-on overlap of an sp? hybrid orbital on carbon and the 1s 
orbital on hydrogen. Similarly, one of the C-C bonds results from the end-on overlap of an sp? 
hybrid orbital on each carbon atom. Each of these bonds is a o bond. 


| + Each C has three sp? hybrid orbitals. 


view from above e The C—H bonds and the C-C bond 


-are o bonds. 
H s 
sp? hybrid 


The second C-C bond results from the side-by-side overlap of the 2p orbitals on each carbon. 
Side-by-side overlap creates an area of electron density above and below the plane containing the 
sp’ hybrid orbitals (that is, the plane containing the six atoms in the o bonding system). 


_ Overlap of the 2p orbitals forms the second C-C bond. | 


ba 


——H 


H— 


In this second bond, the electron density is not concentrated on the axis joining the two nuclei. 
This new type of bond is called a = bond. Because the electron density in a x bond is farther from 
the two nuclei, 7 bonds are usually weaker and therefore more easily broken than o bonds. 


Thus, a carbon-carbon double bond has two components: 


e ao bond, formed by end-on overlap of two sp? hybrid orbitals; 
e a bond, formed by side-by-side overlap of two 2p orbitals. 


Figure 1.11 summarizes the bonding observed in ethylene. 


Unlike the C-C single bond in ethane, rotation about the C-C double bond in ethylene is 
restricted. It can occur only if the m bond first breaks and then re-forms, a process that requires 
considerable energy. 

All double bonds are Rotation around a C=C bond does not occur. | a C=C bond does not Rotation around a C=C bond does not occur. | 

composed of one o and 


one x bond. 7 pt oe F 


| labels on the s same side of the C=C | labels on opposite sides of the C=C 

Figure 1.11 The five o bonds are labeled. The m bond extends above and 

below the plane of the molecule. 

Summary: The o and x bonds 
in ethylene 2p orbitals n bond 
fe] 
H 
oA 
ZA Sur Wi H— ” 
Overlap of the two sp? hybrid orbitals Overlap of the two 2p orbitals — 


forms the C-C o bond. forms the C-C r bond. 


1.10C 


Because acetylene produces a 
very hot flame on burning, it is 
often used in welding torches. 
The fire is very bright, too, so 
it was once used in the lamps 
worn by spelunkers— people 
who study and explore caves. 


The side-by-side overlap of 
two p orbitals always forms 
a n bond. 


All triple bonds are 
composed of one o and 
two 7 bonds. 
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Acetylene—C,H, 
Based on the Lewis structure of acetylene, HC=CH, each carbon atom is singly bonded to one 


hydrogen atom and triply bonded to the other carbon atom, so each carbon atom is surrounded 
by two groups. As a result: 


e Each carbon is linear (Section 1.7B). 
e Each carbon is sp hybridized. 


two groups around C 


acetylene 


What orbitals are used to form the bonds of the C-C triple bond? Recall from Section 1.9 that 
sp hybrid orbitals are formed from one 2s and one 2p orbital, leaving two 2p orbitals unhy- 
bridized. Because carbon has four valence electrons, each of these orbitals has one electron 
that can be used to form a bond. 


Two 2p orbitals have 
one electron each. | 


+ > 


2s sp hybridized C 
unhybridized C 


Each C-H bond results from the end-on overlap of an sp hybrid orbital on carbon and the 1s 
orbital on hydrogen. Similarly, one of the C-C bonds results from the end-on overlap of an sp 
hybrid orbital on each carbon atom. Each of these bonds is a © bond. 


G e EE c 
“S 


sp hybrid 


* Each C has two sp hybrid orbitals. | 
e The C-H bonds and C-C bond 
are o bonds. 


Each carbon atom also has two unhybridized 2p orbitals that are perpendicular to each other 
and to the sp hybrid orbitals. Side-by-side overlap between the two 2p orbitals on one carbon with 
the two 2p orbitals on the other carbon creates the second and third bonds of the C-C triple bond. 
The electron density from one of these two bonds is above and below the axis joining the two 
nuclei, and the electron density from the second of these two bonds is in front of and behind the 
axis, so both of these bonds are ņ bonds. 


n bond 


T bond 


Thus, a carbon-carbon triple bond has three components: 


e ao bond, formed by end-on overlap of two sp hybrid orbitals; 
e two ņ bonds, formed by side-by-side overlap of two sets of 2p orbitals. 
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Figure 1.12 summarizes the bonding observed in acetylene. Table 1.4 summarizes the three pos- 


sible types of bonding in carbon compounds. 


Figure 1.12 The three o bonds are labeled. 
Summary: The o and x bonds ; 
in acetylene 2p orbitals 


2p orbitals 


Overlap of the two sp hybrid orbitals 
forms the C-C o bond. 


Table 1.4 A Summary of Covalent Bonding Seen in Carbon Compounds 


one x bond 


Two r bonds extend out from 
the axis of the linear molecule. 


second n bond 


Overlap of two sets of two 2p orbitals 
forms two C-C r bonds. 


Number of groups 


bonded to C Hybridization Bond angle Example 
3 s CHCH; 
4 sp 109.5 ethaia 
2 o CH,=CH, 
: ia nag ethylene 
2 sp 180° HCECH 
acetylene 


Sample Problem 1.9 Answer each question for the molecule acetone, drawn below: 


Observed bonding 


| 


one o bond 


| Csp3—Csp3 


one c bond + oner bond 
| Caor Cape | | Cao Cap | 
¢@90 
ft 


one c bond + two r bonds 


CHa a. Determine the hybridization of the indicated atoms. 
-30 ö b. What orbitals are used to form the C-O double bond? 
f c. In what type of orbital does each lone pair reside? 
—- CH3 
acetone 
Solution 


e e three groups around cl three g groups ps around ol 
sp? hybridized ‘o= Öö sp* hybridized 


on, 


| four groups around c| 
sp? hybridized | 


Problem 1.29 


Problem 1.30 


1.11 


1.11A 


While the SI unit of energy is 
the joule (J), organic chemists 
often report energy values in 
calories (cal). For this reason, 
energy values in the tables in 
this text are reported in joules, 
followed by the number of 
calories in parentheses. 

1 cal = 4.18 J 


Note the inverse relationship 
between bond length and bond 
strength. The shorter the bond, 
the closer the electron density 
is kept to the nucleus, and the 
harder the bond is to break. 
Shorter bonds are stronger 
bonds. 


1.11B 
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b. ¢ The o bond is formed from the end-on overlap of C,,2- O,,2. 
e The x bond is formed from the side-by-side overlap of C2,- Oop. 


c. The O atom has three sp” hybrid orbitals. 
e One is used for the o bond of the double bond. 
e The remaining two sp hybrids are occupied by the lone pairs. 


Determine the hybridization around the indicated atoms in the following molecules: 
a. CHs—C=CH b. (=ii-cr 


Classify each bond in the following molecules as o or z: 


c. CH »=C=CH, 


? 
a. b. CH,—C=N Ga j 
CH; ^H j H 


O=0 


“OCH; 


Bond Length and Bond Strength 


Let’s now examine the relative bond length and bond strength of the C-C and C-H bonds in 
ethane, ethylene, and acetylene. 


A Comparison of Carbon-Carbon Bonds 
{Increasing bond length 
| longest C-C bond | AA. a _pa-p_ shortest C-C bond 
weakest bond Ç ¢ rs, c=e strongest bond 
Increasing bond strength > 


e As the number of electrons between two nuclei increases, bonds become shorter 
and stronger. 

e Thus, triple bonds are shorter and stronger than double bonds, which are shorter and 
stronger than single bonds. 


Values for bond lengths and bond strengths for CH;CH3, CH} =CH;, and HC=CH are listed in 
Table 1.5. Be careful not to confuse two related but different principles regarding multiple bonds 
such as C-C double bonds. Double bonds, consisting of both a o and a 7 bond, are strong. 
The % component of the double bond, however, is usually much weaker than the © component. 
This is a particularly important consideration when studying alkenes in Chapter 10. 


A Comparison of Carbon-Hydrogen Bonds 


The length and strength of a C-H bond vary slightly depending on the hybridization of the car- 
bon atom. 


Increasing b 


To understand why this is so, we must look at the atomic orbitals used to form each type of hybrid 
orbital. A single 2s orbital is always used, but the number of 2p orbitals varies with the type of 
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Problem 1.31 


Table 1.5 Bond Lengths and Bond Strengths for Ethane, Ethylene, and Acetylene G 


C-C bond length Bond strength kJ/mol 
Compound (pm) (kcal/mol) 
a i 153 368 (88) 
x= 
2s es 
CH=CH; 134 $ $ 635 (152) Sa 
SE Es 
HC=CH 121 ES 837 (200) 
C-H bond length l Bond strength kJ/mol 
Compound (pm) (kcal/mol) 
a 111 410 (98) 
S 
2g gs 
CH;=Ç7H 110 = 8 435 (104) 3 5 
H | 9 v Ge 
oc £G 
= £8 ko 
HC=C—H 109 523 (125) 


hybridization. A quantity called percent s-character indicates the fraction of a hybrid orbital due 
to the 2s orbital used to form it. 


one 2s orbital 


hybrid ——§_——— = 50% s-ch te! 

ni two hybrid orbitals eo a-eharacter 
ital 

2 bri __one 2s orbital 4390, -character 

sp hybrid ree hybrid orbitals ae 

sp* hybrid one 2s orbital o5m% scharacter 


four hybrid orbitals 


Why should the percent s-character of a hybrid orbital affect the length of a C-H bond? A 2s 
orbital keeps electron density closer to a nucleus compared to a 2p orbital. As the percent 
s-character increases, a hybrid orbital holds its electrons closer to the nucleus, and the bond 
becomes shorter and stronger. 


ARG ett at weet ST 
Increased percent s-character --— Increased bond strength --—> Decreased bond length | 


Which of the indicated bonds in each pair of compounds is shorter? 


H H 

<— A os l oe 

t i ty 
Ho g 


b. i ae d. CH= or CHs—fisH 
C=N 
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Problem 1.32 


Figure 1.13 


Electronegativity values for 
some common elements 
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Electronegativity and Bond Polarity 


Electronegativity is a measure of an atom’s attraction for electrons in a bond. Thus, elec- 
tronegativity indicates how much a particular atom “wants” electrons. The following trends in 
electronegativity are observed in the periodic table: 


e Electronegativity increases across a row of the periodic table as the nuclear charge 
increases (excluding the noble gases). 

° Electronegativity decreases down a column of the periodic table as the atomic radius 
increases, pushing the valence electrons farther from the nucleus. 


As a result, the most electronegative elements are located at the upper right-hand corner of 
the periodic table, and the least electronegative elements in the lower left-hand corner. A scale 
has been established to represent electronegativity values arbitrarily, from 0 to 4, as shown in 
Figure 1.13. 


Electronegativity values are relative, so they can be used for comparison purposes only. When 
comparing two different elements, one is more electronegative than the other if it attracts 
electron density toward itself. One is less electronegative—more electropositive—if it gives up 
electron density to the other element. 


Rank the following atoms in order of increasing electronegativity. Label the most electronegative 
and most electropositive atom in each group. 
a. Se, O, S b. P, Na, CI c. Cl, S, F d. OỌ,P N 


Electronegativity values are used as a guideline to indicate whether the electrons in a bond are 
equally shared or unequally shared between two atoms. For example, whenever two identical 
atoms are bonded together, each atom attracts the electrons in the bond to the same extent. The 
electrons are equally shared, and the bond is nonpolar. Thus, a carbon-carbon bond is nonpo- 
lar. The same is true whenever two different atoms having similar electronegativities are bonded 
together. C -H bonds are considered to be nonpolar, because the electronegativity difference 
between C (2.5) and H (2.2) is small. 


2.5 2.5 2.5 2.2 
Syl de NS a 
—c-c— — C-H 

| {! | | 
| nonpolar bond | | nonpolar bond | 


The small electronegativity difference 
between C and H is ignored. 


Increasing electronegativity 


1A 
H 
2.2 2A 3A 4A 5A 6A 7A 
Dp ;, 
Li Be B/Cc|N|O]F 
1.0 1.6 18 25 3.0 34 4.0 > 
4 — i ii 4 4 na 
Na Mg Si] P | Sj Cl De 
0.9 1.3 1.9 22 26 32 5 & 
K Br S c 
0.8 3.0 È$ 
I & 
o 
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Problem 1.33 


r 
5 


igure 1.74 
Electrostatic potential 
plot of CH3Cl 


Bonding between atoms of different electronegativity values results in the unequal sharing of 
electrons. For example, in a C—O bond, the electrons are pulled away from C (2.5) toward 
O (3.4), the element of higher electronegativity. The bond is polar, or polar covalent. The bond 
is said to have a dipole; that is, a separation of charge. 


| C is electron deficient. | O is electron rich. | 
in lst a? 
(0) 


[i 
a bond dipole 


| A C-O bond is a polar bond. | 


The direction of polarity in a bond is often indicated by an arrow, with the head of the arrow 
pointing toward the more electronegative element. The tail of the arrow, with a perpendicular line 
drawn through it, is positioned at the less electronegative element. Alternatively, the symbols 8* 
and ô indicate this unequal sharing of electron density. 


e §* means an atom is electron deficient (has a partial positive charge). 
e & means the atom is electron rich (has a partial negative charge). 


Show the direction of the dipole in each bond. Label the atoms with &* and &. 


Students often wonder how large an electronegativity difference must be to consider a bond polar. 
That’s hard to say. We will set an arbitrary value for this difference and use it as an approxima- 
tion. Usually, a polar bond will be one in which the electronegativity difference between two 
atoms is 2 0.5 units. 


The distribution of electron density in a molecule can be shown using an electrostatic potential 
map. These maps are color coded to illustrate areas of high and low electron density. Electron-rich 
regions are indicated in red, and electron-deficient sites are indicated in blue. Regions of inter- 
mediate electron density are shown in orange, yellow, and green. 


For example, an electrostatic potential map of CH3Cl clearly indicates the polar nature of the 
C-Cl bond (Figure 1.14). The more electronegative Cl atom pulls electron density toward it, 
making it electron rich. This is indicated by the red around the Cl in the plot. The carbon is elec- 
tron deficient, and this is shown with blue. 


When comparing two maps, the comparison is useful only if they are plotted using the same scale 
of color gradation. For this reason, whenever we compare two plots in this text, they will be drawn 
side by side using the same scale. It will be difficult to compare two plots in different parts of the 
book, because the scale may be different. Despite this limitation, an electrostatic potential plot is 
a useful tool for visually evaluating the distribution of electron density in a molecule, and with 
care, comparing the electron density in two different molecules. 


a. Color scheme used for electron b. Electrostatic potential plot 
density 

| increasing 

electron density FoI 

Me} 
À H` `H 

| decreasing H 

electron density 
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A polar molecule has either 
one polar bond, or two or more 
bond dipoles that reinforce. A 
nonpolar molecule has either 
no polar bonds, or two or more 
bond dipoles that cancel. 


Whenever C or H is bonded to 
N, O, and all halogens, the bond 
is polar. Thus, the C-I bond is 
considered polar even though 
the electronegativity difference 
between C and I is small. 
Remember, electronegativity is 
just an approximation. 


Problem 1.34 


Figure 1.15 
Electrostatic potential plots for 
HO and CO, 
Figure 1.16 
More examples of g pe 
polar and nonpolar P=; 
Ha 
molecules 


one polar bond 


| a polar molecule | 
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Polarity of Molecules 


Thus far, we have been concerned with the polarity of one bond. To determine whether a molecule 
has a net dipole, use the following two-step procedure: 


[1] Use electronegativity differences to identify all of the polar bonds and the directions of 
the bond dipoles. 

[2] Determine the geometry around individual atoms by counting groups, and decide if indi- 
vidual dipoles cancel or reinforce each other in space. 


The two molecules H,O and CO, illustrate different outcomes of this process. In HO, each 
O-H bond is polar because the electronegativity difference between O (3.4) and H (2.2) is large. 
Since H,O is a bent molecule, the two dipoles reinforce (both point up). Thus, H,O has a net 
dipole, making it a polar molecule. CO, also has polar C—O bonds because the electronegativ- 
ity difference between O (3.4) and C (2.5) is large. However, CO, is a linear molecule, so the 
two dipoles, which are equal and opposite in direction, cancel. Thus, CO, is a nonpolar molecule 
with no net dipole. 


5 


i ct net dipole O=C=0. 
5t 3t 5t o st or 
The net dipole bisects the H-O-H bond angle. no net dipole 


The two individual dipoles reinforce. 


HO is a polar molecule. 


The two dipoles cancel. 
| CO; is a nonpolar molecule. 


Electrostatic potential plots for H,O and CO, appear in Figure 1.15. Additional examples of polar 
and nonpolar molecules are given in Figure 1.16. 


Indicate which of the following molecules is polar because it possesses a net dipole. Show the 
direction of the net dipole if one exists. 


Cl, ol Cl H 
a. CHBr b. CH2Br3 ec. CF, d. pac, e. qe 
H H H Cl 
gy O=C=0 


e Both electronegative O atoms are electron 
rich (red) and the central C atom is electron 
deficient (blue). 


e The electron-rich (red) region is concentrated 
on the electronegative O atom. Both H atoms 
are electron deficient (blue-green). 


et net Te ps didas ae 
hae 
os aN “a: a él NE a) 


three polar bonds four polar bonds 


All dipoles reinforce. 


two polar a 
Both dipoles reinforce. 


three polar bonds 
All dipoles cancel. All dipoles cancel. 
no net dipole no net dipole 


| a nonpolar molecule a polar molecule a polar molecule | a nonpolar molecule | 
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1.14 


Sample Problem 1.10 


Sinemet, the trade name 

of a drug used to treat 
Parkinson's disease, contains a 
combination of L-dopa (Sample 
Problem 1.10) and carbidopa 
(Problem 1.36). Carbidopa 
increases the effectiveness 

of L-dopa by inhibiting its 
metabolism prior to crossing 
the blood-brain barrier and 
entering the brain. 


Sample Problem 1.11 


t-Dopa—A Representative Organic Molecule 


The principles learned in this chapter apply to all organic molecules regardless of size or com- 
plexity. For example, we now know a great deal about the structure of L-dopa, a drug used to 
treat Parkinson’s disease described in the chapter opener. 


Answer each question about L-dopa. 


HO 


HO 


L-dopa 


a. Convert the skeletal structure to a Lewis structure. 
b. What is the hybridization and geometry around each labeled atom? 
c. Label three polar bonds. 


Solution 

a, b. Convert the skeletal structure to a Lewis structure as in Sample Problem 1.7. Each O atom 
needs two lone pairs and each N atom needs one for an octet. Count groups around an 
atom to determine hybridization and shape. 


sp® hybridized and 
trigonal planar sp? hybridized and 
He! 6: H anus 
C-C, js Ho 0: 
e if Ay [i 1 H 
H-ö-6  C-C-C—6, 
f=C. H :N-H+Q-H 
H H 4 
sp® hybridized and 


trigonal pyramidal 
Lewis structure of L-dopa 


c. All C-O, O-H, N-H, and C-N bonds are polar because the electronegativity difference 
between the atoms is large. 


Provide the following information about L-dopa. 

a. Label all sp? hybridized C atoms. 

b. Label all H atoms that bear a partial positive charge (6’). 
c. Draw another resonance structure. 


Sample Problem 1.11 illustrates how to derive structural information from a ball-and-stick model. 


Use the ball-and-stick model of vitamin Bg to answer each question. 
l P ü- 

ee” e® 

~ Mea 


& 


~ 


vitamin Be 


a. Draw a skeletal structure of vitamin Bg. 
b. How many sp? hybridized carbons are present? 
c. What is the hybridization of the N atom in the ring? 
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Solution 

Use the element colors shown in Section 1.7B to convert the 3-D model to a skeletal structure 
[black (C), gray (H), red (O), blue (N)]. H atoms on carbon are omitted, but H atoms on heteroatoms 
are drawn in. Count groups to determine hybridization. Each O atom needs two lone pairs and 
each N needs one to give an octet of electrons. 


HO HO 
OH OH 
a. vey b, ©. Ae 
Zz Zz 
N N 


skeletal structure * Each C labeled in blue is sp? hybridized. 
of vitamin Bg * The N atom is surrounded by three groups (two atoms and one lone 
pair), making it sp? hybridized. 


Problem 1.36 Use the ball-and-stick model to answer each question about carbidopa, a drug used in 
combination with L-dopa to treat Parkinson’s disease 


wa ó b 
@& 
+ e 2 @ t 
' @ 
wt . 
@u aT ð > 
W 
carbidopa 


a. Draw a skeletal structure of carbidopa. 

b. Determine the hybridization around each carbon atom. 

c. What is the hybridization and geometry around each N atom? 
d. How many polar bonds are present? 


KEY CONCEPTS t O 


Structure and Bonding 


Important Facts 

© The general rule of bonding: Atoms “strive” to attain a complete outer shell of valence electrons (Section 1.2). H “wants” two 
electrons. Second-row elements “want” eight electrons. 

e Formal charge is the difference between the number of valence electrons of an atom and the number of electrons it “owns” 
(Section 1.3C). See Sample Problem 1.3 for a stepwise example. 

e Curved arrow notation shows the movement of an electron pair. The tail of the arrow always begins at an electron pair, either in a 
bond or a lone pair. The head points to where the electron pair “moves” (Section 1.6). 

e Electrostatic potential plots are color-coded maps of electron density, indicating electron-rich and electron-deficient regions 
(Section 1.12). 


The Importance of Lewis Structures (Sections 1.3-1.5) 


A properly drawn Lewis structure shows the number of bonds and lone pairs present around each atom in a molecule. In a valid Lewis 
structure, each H has two electrons, and each second-row element has no more than eight. This is the first step needed to determine 
many properties of a molecule. 


z= > Geometry [linear, trigonal planar, or tetrahedral] (Section 1.7) 
I E 
l 


| Lewis structure + - 4- -- - Hybridization | [sp, sp”, or sp?] (Section 1.9) 


‘<--> Types of bonds | [single, double, or triple] (Sections 1.3, 1.10) 
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Resonance (Section 1.6) 
The basic principles: 
e Resonance exists when a compound cannot be represented by a single Lewis structure. 
e Resonance structures differ in the position of only nonbonded electrons and z bonds, not atoms. 
e The resonance hybrid is the only accurate representation for a resonance-stabilized compound. A hybrid represents the compound 
better than any single resonance structure because electron density is delocalized. 


The difference between resonance structures and isomers: 
e Two isomers differ in the arrangement of both atoms and electrons. 
e Resonance structures differ only in the arrangement of electrons. 


O: co: 0: 

4 iG / 
CH3—-C CH3CH2—C _— CH3CH2—C 

\ ty a 

‘O-CH, "0-H O-H 


La Ly resonance aia! 
Geometry and Hybridization 


The number of groups around an atom determines both its geometry (Section 1.7) and hybridization (Section 1.9). 


Number of groups Geometry Bond angle (°) Hybridization 
linear 180 sp 
trigonal planar 120 sp? 
tetrahedral 109.5 sp? 


Drawing Organic Molecules (Section 1.8) 
e Shorthand methods are used to abbreviate the structure of organic molecules. 


qah Qh 
= CHa—G—G—G—CHg = (CH3)2CHCH2C(CHs3)3 


H H CH, 


skeletal structure isooctane condensed structure 


e A carbon bonded to four atoms is tetrahedral. The best way to represent a tetrahedron is to draw two bonds in the plane, one bond 
in front, and one bond behind. 


Bond Length 
* Bond length decreases across a row and increases down a column of the periodic table (Section 1.7A). 
¢ Bond length decreases as the number of electrons between two nuclei increases (Section 1.11A). 
e Bond length decreases as the percent s-character increases (Section 1.11B). 
e Bond length and bond strength are inversely related. In general, shorter bonds are stronger bonds (Section 1.11). 
e Sigma (o) bonds are generally stronger than x bonds (Section 1.10). 


Electronegativity and Polarity (Sections 1.12, 1.13) 
e Electronegativity increases across a row and decreases down a column of the periodic table. 
e A polar bond results when two atoms of different electronegativity values are bonded together. Whenever C or H is bonded to N, O, 
or any halogen, the bond is polar. 
e A polar molecule has either one polar bond, or two or more bond dipoles that reinforce. 
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PROBLEMS k 


Problems Using Three-Dimensional Models 


1.37 Citric acid is responsible for the tartness of citrus fruits, especially lemons and limes. 


[3] a. What is the molecular formula for citric acid? 
(S) | b. How many lone pairs are present? 
Mis a” (E) c. Draw a skeletal structure. 
2 o @ o d. How many sp? hybridized carbons are present? 
w a D A (0) e. What orbitals are used to form each indicated bond ([1]-[4])? 
g we á [4] 
citric acid 


1.38 Zingerone gives ginger its pungent taste. 


w a. What is the molecular formula for zingerone? 
a ə b. How many lone pairs are present? 
[1] @ @ c. Draw a skeletal structure. 
3 ry \ è d. How many sp? hybridized carbons are present? 
y @ s © Se = ~@ [3] e. What orbitals are used to form each indicated bond ([1]-[4])? 
Oboe? og! 
2] 4] Po 
zingerone 


Atomic Structure, lonic Bonding, and Covalent Bonding 


1.39 Two radioactive isotopes of iodine used for the diagnosis and treatment of thyroid disease have mass numbers of 123 and 
131. For each isotope, give the following information: (a) the number of protons; (b) the number of neutrons; (c) the number of 
electrons in the neutral atom; (d) the group number. 


1.40 Label each bond in the following compounds as ionic or covalent. 
a. Nal b. BrCl c. HCI d. CHNH2 e. NaOCH3 z 


Lewis Structures and Formal Charge 
1.41 Assign formal charges to each carbon atom in the given species. All lone pairs have been drawn in. 


H H 
PA a A | | 

a. CHs=CH b. H-G-H c. H-C-H d. H-C-C 
H H H 


1.42 Assign formal charges to each N and O atom in the given molecules. All lone pairs have been drawn in. 


a. CH3—-N-CH, c. CHg-N=N: e. CH,—O- 
‘OH 
b. :N=N=N: d. CH3-C-CH, f. CHs-N=O 
1.43 Draw one valid Lewis structure for each compound. Assume the atoms are arranged as drawn. 
H O 
a. CHN) H CNN c. CH3CNO HC CNO e. HCO HOCO 
H H 
H O 
b. CHNO H CN O d. HCO; HCO f. “CH,CN H CCN 
H O H 
1.44 Draw a valid Lewis structure for each compound. 
a. No b. (CH30H,)* c. (CHCH d. HNNH e. HBN 


1.45 Draw an acceptable Lewis structure from each condensed structure, such that all atoms have zero formal charge. 
a. diethyl ether, (CH3CH,)20, the first general anesthetic used in medical procedures 
b. acrylonitrile, CHzCHCN, starting material used to manufacture synthetic Orlon fibers 
c. dihydroxyacetone, (HOCH,)2CO, an ingredient in sunless tanning products 
d. acetic anhydride, (CH3CO),0, a reagent used to synthesize aspirin 
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Isomers and Resonance Structures 


1.46 Creatine is a dietary supplement used by some athletes to boost their athletic performance. (a) Draw in all lone pairs in creatine. 
(b) Draw two additional resonance structures showing all lone pairs and formal charges. 


NH, 
A o- 
HN ONA 
| 9 
creatine 
1.47 Draw all possible isomers for each molecular formula. 
a. C3H7Cl (two isomers) b. CoH,O (three isomers) c. CHN (four isomers) 


1.48 Draw Lewis structures for the nine isomers having molecular formula C3H,O, with all atoms having a zero formal charge. 


1.49 With reference to compound A drawn below, label each compound as an isomer, a resonance structure, or neither. 


10: :0: 0: 0: :0: 
CH; 
a. b. c. d. 
+ 


1.50 With reference to cation B, label each species as an isomer, a resonance structure, or neither. 


0 OO Oo Oo 


A 


1.51 How are the molecules or ions in each pair related? Classify them as resonance structures, isomers, or neither. 


CH, 
a (ies 
a. CHs~Q—CHCH, and CHs—C—GH Gee md e S 
H 
b. | ] aa CHs~C=C-CH, d. CH,CH,CH,; and — CH,CH,CH, 


1.52 Add curved arrows to show how the first resonance structure can be converted into the second. 


ee i CH, CH, 
a. CHy-G-N-CH,; <——> CH,~C=N-CH, c. —— Bi 
H H = 


0: 
b. H-C-NH, <——» H-C=NH, 


1.53 Follow the curved arrows to draw a second resonance structure for each species. 


ete A CRH, 

+ | iN + mm) 

a, CH3-N=N: «——~> b. CH3-C=CH-CH, <«<——— c. + , d. 5 
“ CHS st 


1.54 Draw a second resonance structure for each ion. Then, draw the resonance hybrid. 


20% a 
E a ee II 
a. CH,-C-6: b. CHj=NH, c. d. H-C-H 


1.55 Draw all reasonable resonance structures for each species. K 


A 
a. 0, c. Ng e. © g. ) 


20: 30: 
te we ll Pr 
b. NOy (acentral N atom) d. CH3-C—CH-—C—CHg f. CH =CH-CH-CH=CH,; 
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1.56 Draw four additional resonance structures for the following cation. Then draw the resonance hybrid. 


CH 
LI 


1.57 Rank the resonance structures in each group in order of increasing contribution to the resonance hybrid. Label the resonance 
structure that contributes the most as 3 and the resonance structure that contributes the least as 1. Label the intermediate 
contributor as 2. 

:0: :OF 0: 
cit n | EA L 
a. CHs—C—Q-CH,; <——> CHg—C—-Q-CHg <—~ CH,—C=Q-CH, 
CH3 CHs CHa 
.. ae ee + ee oe 
b. CHa—C7Ñ=NH ~—— CHẸQ-Ñ=NH; <——+ CH3—C—N—-NH, 


1.58 Consider the compounds and ions with curved arrows drawn below. When the curved arrows give a second valid resonance 
structure, draw the resonance structure. When the curved arrows generate an invalid Lewis structure, explain why the structure 
is unacceptable. 


—CEN: Co: 
a. É) b. Ch c. CHaCH2-CẸFN: d. ALGO 


Geometry 
1.59 Predict all bond angles in each compound. 


cl 
a. CH,Cl b. NHOH c. CH=NCH; d. HC=CCH,OH e. O 


1.60 Predict the geometry around each indicated atom. 


O 
ll 

a. CH3CH,CH,CH Gi e. CH3;-C—OH 
3 i 20g © 3 i 


b. (CHg)sN- d. BFS f. (CHg)3N 


1.61 Draw the structure of halothane, CF;CHCIBr, in three dimensions, using solid lines, wedges, and dashes to illustrate the position 
of atoms. Halothane is a safe and widely used general anesthetic. 


Drawing Organic Molecules 
1.62 How many hydrogens are present around each carbon atom in the following molecules? 


O OH 
in , ” eL pee ee 
h OH COOH 
Ho “A 
( 


fexofenadine 
nonsedating antihistamine) 


capsaicin 
(spicy component of hot peppers) 


1.63 Draw in all the carbon and hydrogen atoms in each molecule. 


OH 
OH OH 
pie pee ea 
a, AH b. SS F oa N7NAN d 
myrcene H j i 
OH HO 


_ menthol {isolated from bayberry) 
(isolated from ethambutol estradiol 
peppermint oil) (drug used to treat tuberculosis) (a female sex hormone) 
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1.64 Convert each molecule into a skeletal structure. 4 H H H 
~/ = 
FQ M Prs 
a. (CH3)2CHCH2CH2CH(CH3)z C. (CHg)3C(CH2)s5CH3 e. CHa—C, EQ, 
p-G, CH, 
H HH 
H limonene 
4 = te (oil of lemon) 
b. CH3CH(CI)CH(OH)CH, d. l é f f. CH3(CH2)2C(CH3)2>CH(CH3)CH(CH3)CH(BNCH3 
HO i “Hy 
H 
1.65 Convert the following condensed formulas into Lewis structures. 
a. CH3CH,COOH c. CHsCOCH,Br e. (CH3)3CCHO g. CH3COCH,CO2H 
b. CH3gCONHCHg, d. (CH3)gCOH f. CHgCOCI h. HOsCCH(OH)CO2H 


1.66 Draw in all the hydrogen atoms and nonbonded electron pairs in each ion. 


(0) 
a. O. b. e G ee d. I 


1.67 Draw in all H atoms and lone pairs in each ion. 
mm + 
a. Fick b. —==NH c. g jo d. T 


1.68 Each of the following condensed or skeletal structures is an incorrect representation of a molecule or ion. Explain what is wrong 
in each structure. 


OH 3 CH,CH, 
a. CHCH = CH= CHCH; C. G d. os e. cuon J 
b. (CH 3)s3CHCH2CH2CH, 
Hybridization 


1.69 Predict the hybridization and geometry around each indicated atom. 
a. CH,CH, c. (CH,)30* e. CHy-C=C-H g. iig ii 


f 


b. ( )— d. Ox. f. A aii 


1.70 What orbitals are used to form each indicated bond? For multiple bonds, indicate the orbitals used in individual bonds. 
H H 
— 


H oO 
a. < b. — c. d. H-C=C—C=N—CH, 
TT fA t 


1.71 Ketene, CH.= C=O, is an unusual organic molecule that has a single carbon atom doubly bonded to two different atoms. 
Determine the hybridization of both C atoms and the O in ketene. Then, draw a diagram showing what orbitals are used to form 
each bond (similar to Figures 1.11 and 1.12). 


1.72 Consider the unstable cation and anion drawn below. 
CH=CH CH=CH 


a. What is the hybridization of each carbon atom in these ions? 
b. What orbitals are used to form both bonds in each carbon-carbon double bond? 
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Bond Length and Strength 


1.73 Rank the following bonds in order of increasing bond length. 
H H 
l | 
a. C Yoo OSa C Yeon b. H-C=C—CH,—-C=C—C 
TAT | >i 1 if 
f H fH H f j H H H 


1.74 Answer the following questions about compound A. 


(1) a. Label the shortest C-C single bond. 
`~ f N b. Label the longest C-C single bond. 
c. Considering all the bonds, label the shortest C-C bond. 
A d. Label the weakest C-C bond. 
e 
f 


H 


| 


(2) 


. Label the strongest C-H bond. 
. Explain why bond (1) and bond (2) are different in length, even though they are both C-C 
single bonds. 


1.75 Two useful organic compounds that contain Cl atoms are drawn below. Vinyl chloride is the starting material used to prepare 
poly(vinyl chloride), a plastic used in insulation, pipes, and bottles. Chloroethane (ethyl chloride) is a local anesthetic. Why is the 
C -CI bond of vinyl chloride stronger than the C-Cl bond in chloroethane? 


CH»=CHCI CH3CH,Cl 


vinyl chloride chloroethane 
(ethyl chloride) 


Bond Polarity 
1.76 Use the symbols 5* and & to indicate the polarity of the labeled bonds. 


a. Br—Cl b. NH,.—OH c. CHa—NH d. Li 
z E Cre 


1.77 Label the polar bonds in each molecule. Indicate the direction of the net dipole (if there is one). 


(cus Br Cl 
a. CHBr, d. Ong e. X rá Ly 
b. CH3CH2OCHCH3 CH3 Br Cl 
c. CBr, 


General Questions 


1.78 Answer the following questions about acetonitrile (CHC =N:). 
a. Determine the hybridization of both C atoms and the N atom. c. In what type of orbital does the lone pair on N reside? 
b. Label all bonds as o or z. d. Label all bonds as polar or nonpolar. 


1.79 Benzene is the simplest member of a whole class of compounds called aromatic hydrocarbons. 


D benzene 
How is each carbon atom hybridized? 


What is the geometry around each carbon atom? What is the overall geometry of the benzene ring? 
Draw a diagram showing the orbitals used to join the carbon atoms of the ring. 
Follow the indicated curved arrow notation to draw a second resonance structure. 


O — 


e. Benzene and other aromatic hydrocarbons are shown in Chapter 17 to be very stable. Offer an explanation. 


2ogp 
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1.80 The principles of this chapter can be applied to organic molecules of any size. Answer the following questions about amoxicillin, 
an antibiotic from the penicillin family. 


H C=O 
/ 
o HO f 
amoxicillin 
a. Predict the hybridization and geometry around each indicated atom. d. How many r bonds does amoxicillin have? 
b. Label five polar bonds using the symbols ô* and 5. Label them. 
c. Draw a skeletal structure. e. Find a C-H bond containing a carbon atom 


having a hybrid orbital with 33% s-character. 


1.81 . What is the hybridization of each N atom in nicotine? 

. What is the geometry around each N atom? 

. In what type of orbital does the lone pair on each N atom reside? 
. Draw a constitutional isomer of nicotine. 


. Draw a resonance structure of nicotine. 


Hg 


onaQaon»o 


nicotine 


1.82 Stalevo is the trade name for a medication used for Parkinson’s disease, which contains L-dopa, carbidopa, and entacapone. 


HO DW CON(CH2CHs)o a. Draw a Lewis structure for entacapone. 
b. Which C-C bond in entacapone is the longest? 
HO a c. Which C-C single bond is the shortest? 
NO, d. Which C-N bond is the longest? 
e. Which C-N bond is the shortest? 
entacapone f. Use curved arrows to draw a resonance structure that is an equal contributor to the 


resonance hybrid. 
g. Use curved arrows to draw a resonance structure that is a minor contributor to the 
resonance hybrid. 


1.83 CH,* and CH; are two highly reactive carbon species. 
a. What is the predicted hybridization and geometry around each carbon atom? 
b. Two electrostatic potential plots are drawn for these species. Which ion corresponds to which diagram and why? 


Challenge Problems 


1.84 The N atom in CHCONH; (acetamide) is sp? hybridized, even though it is surrounded by four groups. Using this information, 
draw a diagram that shows the orbitals used by the atoms in the - CONH; portion of acetamide, and offer an explanation as to 
the observed hybridization. 


1.85 Use the observed bond lengths to answer each question. (a) Why is bond [1] longer than bond [2]? (b) Why are bonds [3] and [4} 
equal in length, and shorter than bond [2]? 


ie) (®] 


g e [3] 127 pm 
ii i CH you CHI jo 


1.86 


1.87 


1.88 
1.89 


1.90 
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Draw at least 10 more resonance structures for acetaminophen, the active pain reliever in Tylenol. 


acetaminophen 


When two carbons having different hybridization are bonded together, the C-C bond contains a slight dipole. In a Csp2~ Csp3 
bond, what is the direction of the dipole? Which carbon is considered more electronegative? 


Draw all possible isomers having molecular formula C4Hg that contain one x bond. 


Use the principles of resonance theory to explain why carbocation A is more stable than carbocation B. 


if 


The curved arrow notation introduced in Section 1.6 is a powerful method used by organic chemists to show the movement of 
electrons not only in resonance structures, but also in chemical reactions. Since each curved arrow shows the movement of two 
electrons, following the curved arrows illustrates what bonds are broken and formed in a reaction. Consider the following three- 
step process. (a) Add curved arrows in Step [1] to show the movement of electrons. (b) Use the curved arrows drawn in Step [2] 
to identify the structure of X. X is converted in Step [3] to phenol and HCI. 


HO. H 

H 

+ GE 

:OH 
i + H-Cl 
[3] ai 


phenol 


2.2 


2.3 
2.4 


2.5 


2.6 
2.7 
2.8 
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Bransted-Lowry acids 
and bases 


Reactions of Bransted- 
Lowry acids and bases 


Acid strength and pK, 


Predicting the outcome 
of acid-base reactions 


Factors that determine 
acid strength 


Common acids and bases 
Aspirin 
Lewis acids and bases 


Aspirin is one of the most widely used over-the-counter drugs. Whether you purchase Anacin, 
Bufferin, Bayer, or a generic, the active ingredient is the same—acetylsalicylic acid. Aspirin, a 
synthetic compound that does not occur in nature, was first marketed to the general public in 
1899, and is now used regularly by over 100 million people throughout the world. Like many 
drugs, aspirin undergoes a proton transfer reaction after ingestion. In Chapter 2, we learn about 
acidity and the role of acid-base reactions in aspirin’s chemistry. 


NH 


2.1 


The general words “acid” 
and “base” usually mean a 
Bransted-Lowry acid and 
Bronsted-Lowry base. 


H* = proton 


H-A = general Bronsted- 
Lowry acid. B: = general 
Bronsted-Lowry base. 


Figure 2.1 


Examples of Bronsted-Lowry 
acids and bases 
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Chemical terms such as anion and cation may be unfamiliar to most nonscientists, but acid 
has found a place in everyday language. Commercials advertise the latest remedy for the heartburn 
caused by excess stomach acid. The nightly news may report the latest environmental impact of 
acid rain. Wine lovers know that wine sours because its alcohol has turned to acid. Acid comes 
from the Latin word acidus, meaning sour, because when tasting compounds was a routine method 
of identification, these compounds were sour. 


In Chapter 2, we will concentrate on two definitions of acids and bases: the Brénsted~Lowry 
definition, which describes acids as proton donors and bases as proton acceptors, and the Lewis 
definition, which describes acids as electron pair acceptors and bases as electron pair donors. 


Br@nsted-Lowry Acids and Bases 


The Brgnsted—Lowry definition describes acidity in terms of protons: positively charged hydro- 
gen ions, H*. 


e A Bronsted-Lowry acid is a proton donor. 
e A Bronsted-Lowry base is a proton acceptor. 


A Brgnsted—Lowry acid must contain a hydrogen atom. This definition of an acid is often 
familiar to students, because many inorganic acids in general chemistry are Brénsted—Lowry 
acids. The symbol H—A is used for a general Brgnsted—Lowry acid. 


A Brgnsted—Lowry base must be able to form a bond to a proton. Because a proton has no 
electrons, a base must contain an “available” electron pair that can be easily donated to form 
a new bond. These include lone pairs or electron pairs in 7 bonds. The symbol B: is used for a 
general Brénsted—Lowry base. 


Examples of Brénsted—Lowry acids and bases are given in Figure 2.1. 


Charged species such as OH and “NH, are used as salts, with cations such as Li*, Na‘, or K* to 
balance the negative charge. These cations are called counterions or spectator ions, and their 
identity is usually inconsequential. For this reason, the counterion is often omitted. 


NaOH = Nat -OH 
[kC 
KOH = Kt -OH 
counterion 


Compounds like H,O and CHOH that contain both hydrogen atoms and lone pairs may be either 
an acid or a base, depending on the particular reaction. These fundamental principles are true 
no matter how complex the compound. For example, the addictive pain reliever morphine is a 


Brønsted-Lowry acids [H-A] Brønsted-Lowry bases [B:] 


Inorganic Organic Inorganic Organic 
HCI CH3CO,H CH,NH, CHa: 
H250, acetic acid HÖ: NH3 methylamine methoxide 
H20 gr ik ae ji ar 
H30* HO,CCH,~C—CH,COH (OH = TNH, eÜ CH=CH; 
COOH CH3 ethylene 
citric acid acetone 


e All Brønsted-Lowry bases contain a lone pair of 
electrons or a x bond. 
e The net charge may be zero or (-). 


e All Bronsted-Lowry acids contain a 
proton. 
e The net charge may be zero, (+), or (-). 
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Morphine is obtained from the 
opium poppy. 


Problem 2,1 


2.2 


Recall from Section 1.6 that 

a curved arrow shows the 
movement of an electron pair. 
The tail of the arrow always 
begins at an electron pair and 
the head points to where that 
electron pair “moves.” 


Brgnsted—Lowry acid because it contains many hydrogen atoms, It is also a Brgnsted—Lowry 
base because it has lone pairs on O and N, and four x bonds. 


4 basic site 


H-Q 
Pa D ¢ The OH bonds make morphine an acid. 


. * The lone pairs and z bonds make morphine a base. 
acidic sites ‘0. —— ce E a 
A Na 
sa CH3 basic sites 
H=9 i a 


morphine 


a. Which compounds are Bransted-Lowry acids: HBr, NH3, CCl4? 
b. Which compounds are Bronsted-Lowry bases: CH3CH3, (CH3)3CO™", HC =CH? 
c. Classify each compound as an acid, a base, or both: CHaCH2OH, CH3CHsCHsCH3, CH3CO2CHs. 


Reactions of Bronsted-Lowry Acids and Bases 


A Brgnsted—Lowry acid-base reaction results in transfer of a proton from an acid to a base. 
These acid-base reactions, also called proton transfer reactions, are fundamental to the study 
of organic chemistry. 


Consider, for example, the reaction of the acid H—A with the base :B. In an acid-base reaction, 
one bond is broken and one is formed. 


e The electron pair of the base B: forms a new bond to the proton of the acid. 
¢ The acid H-A loses a proton, leaving the electron pair in the H-A bond on A. 


General acid-base reaction | 


gain of a proton 


H7A + iB a A A + H—Bt 
oe —_ f 
-acid | base | | conjugate base new bond 


| j 
conjugate acid 
loss of a proton p 
This “movement” of electrons in reactions can be illustrated using curved arrow notation. 


Because two electron pairs are involved in this reaction, two curved arrows are needed. Two 
products are formed. 


¢ Loss of a proton from an acid forms its conjugate base. 
e Gain of a proton by a base forms its conjugate acid. 


Keep in mind two other facts about this general reaction: 
e The net charge must be the same on both sides of any equation. In this example, the net 
charge on each side is zero. Individual charges can be calculated using formal charges. 


e A double reaction arrow is used between starting materials and products to indicate that the 
reaction can proceed in the forward and reverse directions. These are equilibrium arrows. 


A double reaction arrow 
indicates equilibrium. 


-— > 
cm — 


equilibrium arrows 


Remove H* from an acid 

to form its conjugate base. 
Add H* to a base to form its 
conjugate acid. 


Sample Problem 2,1 


Problem 2.2 


Sample Problem 2.2 
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Two examples of proton transfer reactions are drawn here with curved arrow notation. 


H 
[1] H-O5H “+ HÑ = H-G: + H-N-H 
acid base conjugate base conjugate acid 
ara T "a . H 
[2] HÇ: + CHa—0-H ———. Cir + CHy—Q-H 
acid base conjugate base conjugate acid 
kl The base gains a proton, | ———] 


e Bronsted-Lowry acid-base reactions always result in the transfer of a proton from an 
acid to a base. 


The ability to identify and draw a conjugate acid or base from a given starting material is illus- 
trated in Sample Problems 2.1 and 2.2. 


a. What is the conjugate acid of CH3;0°? 
b. What is the conjugate base of NH3? 


Solution 
a. Add H* to CH,;0° to form its b. Remove H* from NH; to form its 
conjugate acid. conjugate base. 
Add a proton to a lone pair. Leave the electron pair on N. 
CH;— ÖF ———— CH3—O-H H—Ñ—H —_— H-NF 
base conjugate acid 4 H 


acid conjugate base 
Remove a proton. 


a. Draw the conjugate acid of each base: NH3, Cl’, (CH3)2C =O. 
b. Draw the conjugate base of each acid: HBr, HSO,°, CH3OH. 


Label the acid and base, and the conjugate acid and base in the following reaction. Use curved 
arrow notation to show the movement of electron pairs. 

Hl 

l PA m 
H-GF + H-Ö-H GH + ÜH 

H 
Solution 
CH, is the base because it accepts a proton, forming its conjugate acid, CH4. H20 is the acid 
because it donates a proton, forming its conjugate base, OH. Two curved arrows are needed. One 


shows that the lone pair on CHg bonds to a proton of H2O, and the second shows that the 
electron pair in the O -H bond remains on O. 


[ H20 loses a proton. 
H | H 


-— os l P 
H-O + BH = HOH + H 


a 


H H 
base acid conjugate acid conjugate base 


basn CHz gains a proton. 
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Problem 2.3 Label the acid and base, and the conjugate acid and base in the following reactions. Use curved 
arrows to show the movement of electron pairs. 


a HCl + HO g= Cr + H0 
Q ll 
b. Ox + “OCH === C.- + CH3OH 
CH5 ~CH, : CH5 CH» 


In all proton transfer reactions, the electron-rich base donates an electron pair to the acid, which 
usually has a polar H-A bond. Thus, the H of the acid bears a partial positive charge, making it 
electron deficient. This is the first example of a general pattern of reactivity. 


e Electron-rich species react with electron-deficient ones. 


Given two starting materials, how do you know which is the acid and which is the base in a pro- 
ton transfer reaction? The following generalizations will help to decide this in many reactions: 


[1] Common acids and bases introduced in general chemistry will often be used in the same 
way in organic reactions. HCI and HSO; are strong acids, and “OH is a strong base. 


[2] When only one starting material contains a hydrogen, it must be the acid. If only one 
starting material has a lone pair or a x bond, it must be the base. 


[3] A starting material with a net positive charge is usually the acid. A starting material 
with a negative charge is usually the base. 


Problem 2.4 Draw the products of each proton transfer reaction. 
a. CCISCO,H + -OCH === c. CHNH; + HCl ===> 
b. H-C=C-H + H ==> d. CH;CH,OH + HS0, === 


Problem 2.5 Draw the products formed from the acid-base reaction of HCI with each compound. 


a. CHOH b. (CH3CH2)20 C. (CH3) N d. (Ow 


2.3 Acid Strength and pK, 


Acid strength is the tendency of an acid to donate a proton. 
e The more readily a compound donates a proton, the stronger the acid. 


Acidity is measured by an equilibrium constant. When a Brønsted-Lowry acid H—A is dissolved 
in water, an acid-base reaction occurs, and an equilibrium constant Keq can be written for the 


reaction. 
x ae, H 
Dissolving an acid HA + H-H =a w + H—O-—H 
in water ly Li < 
acid base 
solvent 
| Equilibrium constant koe [products] ___[H,O°TA"] 
eee 
3 [starting materials] [H-A][H,0] 


Because the concentration of the solvent H,O is essentially constant, the equation can be re- 
arranged and a new equilibrium constant, called the acidity constant, K,, can be defined. 


[H,O*][A:-] 
[H-A] 


Acidity constant = K, = [H20]Keq = 


Recall that a log is an 
exponent; for example, 


log 10° = -5. 


Problem 2.6 


Problem 2.7 
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How is the magnitude of K, related to acid strength? 
e The stronger the acid, the further the equilibrium lies to the right, and the /arger the Ka 
For most organic compounds, K, is small, typically 10° to 10%. This contrasts with the K, val- 


ues for many inorganic acids, which range from 10° to 10'°. Because dealing with exponents can 
be cumbersome, it is often more convenient to use pK, values instead of K, values. 


| Definition: pKa = -log Ky | 


How does pK, relate to acid strength? 


Ka pK, = -log Ka 
K, values of typical organic acids pK, values of typical organic acids 
107 to 105° +5 to +50 
larger number smaller number smaller number larger number 
stronger acid weaker acid stronger acid weaker acid 


e The smaller the pKa, the stronger the acid. 


Which compound in each pair is the stronger acid? 
OH CH3 


a. CH3CH2CHs or CH3CH,OH b. or 
pKa = 50 pK, = 16 
k,=10-1 K, =10-“1 
Use a calculator when necessary to answer the following questions. 


a. What is the pK, for each Ka: 10°, 107", and 5.2 x 10°? 
b. What is the K, for each pKa: 7, 11, and 3.2? 


Understanding acid strength is the first step to understanding base strength (and vice versa), 
because an inverse relationship exists between acidity and basicity. 


e A strong acid readily donates a proton, forming a weak conjugate base. 
e A strong base readily accepts a proton, forming a weak conjugate acid. 


Table 2.1 is a brief list of pK, values for some common compounds, ranked in order of increasing 
pKa and therefore decreasing acidity. Because strong acids form weak conjugate bases, this list 


Table 2.1 Selected pKa Values _ | 


Acid pK, Conjugate base 
H-Cl -7 cr 
CH3COO-H 4.8 CH3COO- r 
HO-H 15.7 HO- 
CH3CH,0-H 16 CH3CH,O- 
HC=CH 25 HC=C” 
H-H 35 H 
S HN-H 38 HNT 
CH=CH; 44 CH.=CH 


CH3—H 50 CH7 
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also ranks their conjugate bases, in order of increasing basicity. For example, CH; is the weak- 
est acid in the list, because it has the highest pK, (50). Its conjugate base, CH; , is therefore the 
strongest conjugate base. An extensive pK, table is located in Appendix A. 


Comparing pK, values thus provides two useful bits of information: the relative acidity of two 
acids, and the relative basicity of their conjugate bases, as shown in Sample Problem 2.3. 


Sample Problem 2.3 Rank the following compounds in order of increasing acidity, and then rank their conjugate bases 
in order of increasing basicity. 


CH2=CH2 HCI CHCOOH 


Solution 
The pK, values in Table 2.1 allow us to rank these compounds in order of increasing acidity: the 
lower the pKa, the stronger the acid. 


CH=CH; CH;COOH HCI 
pK, = 44 pK, =4.8 pK, =-7 


Because strong acids form weak conjugate bases, the basicity of conjugate bases increases 
with increasing pK, of their acids. 


CH=CH CH3COO- cr 


(py increasing basicity 


Problem 2.8 Rank the conjugate bases of each group of acids in order of increasing basicity. 
a. NHs, H20, CH, b. CH2=CHp, HC=CH, CH, 


Problem 2.9 Consider two acids: HCO>H (formic acid, pKa = 3.8) and pivalic acid [(CHs)3CCOH, pK, = 5.0]. 
(a) Which acid has the larger K,? (b) Which acid is the stronger acid? (c) Which acid forms the 
stronger conjugate base? (d) When each acid is dissolved in water, for which acid does the 
equilibrium lie further to the right? 


The pK, values in Table 2.1 span a large range (—7 to 50). The pK, scale is logarithmic, so a 
small difference in pK, translates into a large numerical difference. For example, the difference 
between the pK, of NH; (38) and CH=CH; (44) is six pK, units. This means that NH; is 10° or 
one million times more acidic than CH, =CH). 


Although Table 2.1 is abbreviated, it gives pK, values of many common compounds seen in 
organic chemistry. It is also a useful tool for estimating the pK, of a compound similar though 
not identical to one in the table. 


Suppose you are asked to estimate the pK, of the N—H bond of CH;NH>. Although CH3NH, is 
not listed in the table, we have enough information to approximate its pK,. Because the pK, of 
the N—H bond of NH; is 38, we can estimate the pK, of the N—H bond of CH3NH; to be 38. Its 
actual pK, is 40, so this is a good first approximation. 


Problem 2.10 Estimate the pK, of each of the indicated bonds. 


a. (yh b. (Ooh c. eae 


2.4 


In a proton transfer reaction, 
the stronger acid reacts 
with the stronger base to 
form the weaker acid and the 
weaker base. 


Sample Problem 2.4 


Problem 2.11 


Because Table 2.1 is arranged 
from low to high pKa, an acid 
can be deprotonated by the 
conjugate base of any acid 
below it in the table. 
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Predicting the Outcome of Acid-Base Reactions 


A proton transfer reaction represents an equilibrium. Because an acid donates a proton to a base, 
thus forming a conjugate acid and conjugate base, there are always two acids and two bases in 
the reaction mixture. Which pair of acids and bases is favored at equilibrium? The position of 
the equilibrium depends on the relative strengths of the acids and bases. 


e Equilibrium always favors formation of the weaker acid and base. 


Because a strong acid readily donates a proton and a strong base readily accepts one, these two 
species react to form a weaker conjugate acid and base that do not donate or accept a proton as 
readily. Comparing pK, values allows us to determine the position of equilibrium, as illustrated 
in Sample Problem 2.4. 


Determine the direction of equilibrium when acetylene (HC=CH) reacts with "NH; in a proton 
transfer reaction. 


Solution 
Follow three steps to determine the position of equilibrium: 


Step [1] Identify the acid and base in the starting materials. 


e Assume NH, is the base because it bears a net negative charge. That makes HC=CH the acid. 


Step [2] Draw the products of proton transfer and identify the conjugate acid and base in the products. 


H-C=C5H + GNH === 8 H-C=Cr + :NH3 
acid base conjugate base conjugate acid 
pKa=25 pKa = 38 


Step [3] Compare the pK, values of the acid and the conjugate acid. Equilibrium favors formation 
of the weaker acid with the higher pKa. 


H-C=C-H + “NH, ==> H-C=CF + = :NHg 


pK, = 25 | pk, = 38 Equilibrium 
quilibrium favors 
stronger acid weaker acid — Sire 


| unequal equilibrium arrows | i 


e Because the pK, of the starting acid (25) is lower than the pK, of the conjugate acid (38), 
HC=CH is a stronger acid and equilibrium favors the products. 


Draw the products of each reaction and determine the direction of equilibrium. 
a. CH=CH + H 2 c. CHCOOH + CH3CH,07~ — 


b. CH, + “OH ==> d. Cr + CH,CH,OH 


How can we know if a particular base is strong enough to deprotonate a given acid, so that 
the equilibrium lies to the right? The pX, table readily gives us this information. 


Compare any two entries in Table 2.1, such as ethanol (CH;CH,OH; pK, = 16) and acetylene 
(HC=CH; pK, = 25), and their conjugate bases, ethoxide (CH3;CH,0 ) and acetylide (HC=C). 
Ethanol is a stronger acid than acetylene, so acetylide is a stronger base than ethoxide. 


acid pKa conjugate base 
| stronger acid = CH3,CH,0—H 16 CH3CH,O> 
— — ethanol ethoxide 
H-C=C-H 25 H—C=C: — stronger base | 


acetylene acetylide 
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Two proton transfer reactions are possible. 


[1] Reaction of acetylene with ethoxide forms acetylide and ethanol. Because the stronger acid 
is the product of the reaction, equilibrium favors the starting materials. The base ethoxide 
is not strong enough to deprotonate acetylene. 


acid base conjugate base conjugate acid 
i oe a. ae [peewee 
Hae te ?OCH,CH3 <— :C=C—H + CHCH O-H <«— stronger acid | 
acetylene ethoxide acetylide ethanol 
pk, = 25 pK, = 16 


| Equilibrium favors the starting materials. | 


[2] Reaction of ethanol with acetylide forms ethoxide and acetylene. Because the weaker acid 
is the product of the reaction, equilibrium favors the products. Thus, the base acetylide is 
strong enough to deprotonate ethanol. 


acid base conjugate base conjugate acid 
se E a = oe os =a | | 
CHORN + *<C=C—-H — CH3CH,0: + H-C=C-H <— weaker acid i 
ethanol acetylide ethoxide acetylene 
pKa = 16 pK, = 25 


| Equilibrium favors the products. 


In the second reaction, ethanol is deprotonated by acetylide, the conjugate base of an acid 
weaker than itself. This is a specific example of a general fact. 


e An acid can be deprotonated by the conjugate base of any acid having a higher pKa- 


Problem 2.12 Using the data in Appendix A, determine which of the following bases is strong enough to 
deprotonate acetonitrile (CH3CN) so that equilibrium favors the products: (a) NaH; (b) NasCO,; 
(c) NaOH; (d) NaNH;; (e) NaHCOs. 


2.5 Factors That Determine Acid Strength 


We have already learned in Section 2.3 that a tremendous difference in acidity exists among 
compounds. HCl (pK, < 0) is an extremely strong acid. Water (pK, = 15.7) is moderate in acid- 
ity, and CH, (pK, = 50) is an extremely weak acid. How are these differences explained? There 
is one general rule. 


e Anything that stabilizes a conjugate base A:~ makes the starting acid H- A more acidic. 


For now we will concentrate on how structural differences between molecules can profoundly 
affect acidity. In Chapter 6, we will learn how to relate the stability of a species to its relative 
potential energy. 


Four factors affect the acidity of H-A: 


[1] Element effects 

[2] Inductive effects 

[3] Resonance effects 
[4] Hybridization effects 


2.5A 
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No matter which factor is discussed, the same procedure is always followed. To compare the 
acidity of any two acids: 

e Always draw the conjugate bases. 

e Determine which conjugate base is more stable. 

e The more stable the conjugate base, the more acidic the acid. 


Element Effects—Trends in the Periodic Table 


The most important factor determining the acidity of H -A is the location of A in the peri- 
odic table. 


Comparing Elements in the Same Row of the Periodic Table 


Examine acidity trends across a row of the periodic table by comparing CH, and H,O, two 
compounds having H atoms bonded to a second-row element. We know from Table 2.1 that H,O 
has a much lower pK, and therefore is much more acidic than CH4, but why is this the case? 


To answer this question, first draw both conjugate bases and then determine which is more stable. 
Each conjugate base has a net negative charge, but the negative charge in OH is on oxygen and 
in CH; it is on carbon. 


negative charge on O negative charge on C 
7 i N H 
H=0=H —_ H—Ọ: H-Ç-H f_i H-ÇF 
acid conjugate base H H 
pKa = 15.7 ras — acid conjugate base 
more acidic pects bees ee 


Because the oxygen atom is much more electronegative than carbon, oxygen more readily 
accepts a negative charge, making OH much more stable than CH; . H,O is a stronger acid 
than CH, because “OH is a more stable conjugate base than CH; . This is a specific example 
of a general trend. 


e Across a row of the periodic table, the acidity of H- A increases as the electronegativity of 
A increases. 


pK, ~ 50 pK, = 38 pK, = 16 pK, = 3.2 
| 
B i =NH —O-H H—-F 


Increasing electronegativity 
Increasing acidity 


The enormity of this effect is evident by noting the approximate pK, values for these bonds. A 
C-H bond is approximately 10“ times less acidic than H-F. 


Comparing Elements Down a Column of the Periodic Table 


Now examine acidity trends down a column of the periodic table by comparing H—F and H—Br. 
Once again, first draw both conjugate bases and then determine which is more stable. In this 
case, removal of a proton forms F~ and Br. 


H=F -y F H—Br — > Br- 
acid conjugate base acid conjugate base 
There are two important differences between F and Br —electronegativity and size. In this case, 


size is more important than electronegativity. The size of an atom or ion increases down a 
column of the periodic table, so Br’ is much larger than F , and this stabilizes the negative charge. 
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e Positive or negative charge is stabilized when it is spread over a larger volume. 


Because Br is larger than F`, Br’ is more stable than F, and H -Br is a stronger acid than 
H-F. 


Ə Ae 


K, = 3.2 K, = -9 
smaller anion Pa Pia 
1 =a Sea _ —— larger anion 
| za — 
_ conjugate base © | less acidic more stable | 


| more acidic 
conjugate base | 


This again is a specific example of a general trend. 


e Down a column of the periodic table, the acidity of H-A increases as the size of A 
increases. 


pK, = 3.2 pk, =-7 pk, =-9 pKa = -10 
H—F H—CI H—Br H-I 


Increasing size 
Increasing acidity 


Because of carbon’s positionin This is opposite to what would be expected on the basis of electronegativity differences between 


the periodic table (in the F and Br, because F is more electronegative than Br. Size and not electronegativity determines 
second row and to the left of acidity down a column. Combining both trends together: 

O, N, and the halogens), C-H 

bonds are usually the /east e The acidity of H-A increases both left-to-right across a row and down a column of the 
acidic bonds in a molecule. periodic table. 


Sample Problem 2.5 Without reference to a pK, table, decide which compound in each pair is the stronger acid: 
a. H20 or HF b. H2S or H2O 


Solution 

a. HO and H -F both have H atoms bonded to a second-row element. Because the acidity of 
H —A increases across a row of the periodic table, the H -F bond is more acidic than the H-O 
bond. HF is a stronger acid than H20. 


b. H2O and H2S both have H atoms bonded to elements in the same column. Because the acidity 
of H -A increases down a column of the periodic table, the H -S bond is more acidic than the 
H-O bond. H3S is a stronger acid than H20. 


Problem 2.13 Without reference to a pK, table, decide which compound in each pair is the stronger acid. 
a. NH3 or H2O b. HS or HBr 


Problem 2.14 Which compound in each pair of isomers is the stronger acid? 
a. CH3CH2CH NH2 or (CHa) N b. CH3CH2OCH3 or CHCH2CH OH 


When discussing acidity, the most acidic proton in a compound is the one removed first by a base. 
Although four factors determine the overall acidity of a particular hydrogen atom, element 
effects—the identity of A—is the single most important factor in determining the acidity of 
the H-A bond. 


Problem 2.15 


Problem 2.16 


Because the pseudoephedrine 
(Problem 2.16) in Sudafed 

can be readily converted to 

the illegal, addictive drug 
methamphetamine, products 
that contain pseudoephedrine 
are now stocked behind the 
pharmacy counter so their sale 
can be more closely monitored. 
Sudafed PE is a related product 
that contains a decongestant 
less easily converted to 
methamphetamine. 
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To decide which hydrogen is most acidic, first determine what element each hydrogen is bonded 
to and then decide its acidity based on periodic trends. For example, CH;NHCH,CH»CH,CH;, 
contains only C-H and N~H bonds. Since the acidity of H~ A increases across a row of the peri- 
odic table, the single H on N is the most acidic H in this compound. 


CH3—-N-CH2CH2CH2CH; 
most acidic hydrogen ——> H 


Which hydrogen in each molecule is most acidic? 
a. CH4CH2CHCH2OH b. HOCH2CHs,CH,NH» c. (CH3)eNCH2CH2CHNH3 


Which hydrogen in pseudoephedrine, the nasal decongestant in the commercial medication 
Sudafed, is most acidic? 


pseudoephedrine 


2.5B Inductive Effects 


A second factor affecting the acidity of H-A is the presence of electronegative atoms. To 
illustrate this phenomenon, compare ethanol (CH3;CH OH) and 2,2,2-trifluoroethanol 
(CF;CH,OH), two different compounds containing O-H bonds. The pK, table in Appendix A 
indicates that CF,;CH,OH is a stronger acid than CH;CH,OH. Because we are comparing the 
acidity of the O-H bond in both compounds, what causes the difference? 


CH3CH,0—H CF3CH,0—H 
ethanol 2,2,2-trifluoroethanol ——- 
pK, = 16 pKa = 12.4 — stronger acid 


Once again first draw both conjugate bases and then determine which is more stable. Both bases 
have a negative charge on an electronegative oxygen, but the second anion has three additional 
electronegative fluorine atoms. These fluorine atoms withdraw electron density from the carbon 
to which they are bonded, making it electron deficient. Furthermore, this electron-deficient car- 
bon pulls electron density through o bonds from the negatively charged oxygen atom, stabilizing 
the negative charge. This is called an inductive effect. 


Fo H 
= ts | 
CH3CH207 a a ee 
H 
F- 


No additional electronegative atoms 
stabilize the conjugate base. 


CF, withdraws electron density, 
stabilizing the conjugate base. 


e An inductive effect is the pull of electron density through o bonds caused by 
electronegativity differences of atoms. 


In this case, the electron density is pulled away from the negative charge through o bonds by the 
very electronegative fluorine atoms, and so it is called an electron-withdrawing inductive effect. 


70 Chapter 2 Acids and Bases 


Figure 2.2 


Electrostatic potential plots of 
CH3CH20° and CF;CH207 


o-Hydroxy acids (Problem 2.18) 
are used in skin care products 
that purportedly smooth fine 
lines and improve skin texture 
by reacting with the outer layer 
of skin cells, causing them to 
loosen and flake off. 


Problem 2.17 


Problem 2.18 


Problem 2.19 


2.50 


Recall that resonance structures 
are two Lewis structures having 
the same placement of atoms 
but a different arrangement of 
electrons. 


The dark red of the O atom indicates The O atom is yellow, 
a region of high electron density. indicating it is less electron rich. 


Thus, the three electronegative fluorine atoms stabilize the negatively charged conjugate 
base CF;CH,07, making CF,CH,OH a stronger acid than CH3;CH,OH. We have learned two 
important principles from this discussion: 


e More electronegative atoms stabilize regions of high electron density by an electron- 
withdrawing inductive effect. 


e The acidity of H- A increases with the presence of electron-withdrawing groups in A. 


Inductive effects result because an electronegative atom stabilizes the negative charge of the con- 
jugate base. The more electronegative the atom and the closer it is to the site of the negative 
charge, the greater the effect. This effect is discussed in greater detail in Chapter 19. 


Electrostatic potential plots in Figure 2.2 compare the electron density around the oxygen atoms 
in these conjugate bases. The darker red around the O atom of CH3;CH,O° indicates a higher 
concentration of electron density compared to the O atom of CF;CH,0 . 


Which compound in each pair is the stronger acid? 


a. CICH,COOH or FCH2COOH c. CHCOOH or O,NCHz,COOH 
b. ClhCHCH2OH or ClhCHCH2CH20H 


Glycolic acid, HOCH,CO3H, is the simplest member of a group of compounds called o-hydroxy 
acids, ingredients in skin care products that have an OH group on the carbon adjacent to a 
CO H group. Would you expect HOCH;CO>H to be a stronger or weaker acid than acetic acid, 
CH3CO2H? 


Explain the apparent paradox. HBr is a stronger acid than HCl, but HOCI is a stronger acid 
than HOBr. 


Resonance Effects 


A third factor that determines acidity is resonance. Recall from Section 1.6 that resonance 
occurs whenever two or more different Lewis structures can be drawn for the same arrangement of 
atoms. To illustrate this phenomenon, compare ethanol (CH3;CH,OH) and acetic acid (CH;COOH), 
two different compounds containing O—H bonds. Based on Table 2.1, CH;COOH is a stronger acid 
than CH,;CH,OH: 


O 
4 
CH3—C 
ethanol acetic acid 


pk, = 16 pk, =4.8 — stronger acid 


Resonance delocalization often 
produces a larger effect on 

pK, than the inductive effects 
discussed in Section 2.5B. 
Resonance makes CHCOOH 
(pK, = 4.8) a much stronger acid 
than CH3CH2OH (pK, = 16), 
while the inductive effects due 
to three electronegative F atoms 
make CF3CH2OH (pK, = 12.4) 

a somewhat stronger acid than 
CH3CH20OH. 


Problem 2.20 


Problem 2.21 


Figure 2.3 


Electrostatic potential plots of 
CH3CH2,07 and CH3;COO- 
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Draw the conjugate bases of these acids to illustrate the importance of resonance. For ethoxide 
(CH;CH,0 ), the conjugate base of ethanol, only one Lewis structure can be drawn. The negative 
charge of this conjugate base is localized on the O atom. 


CH3,CH,0-—H è =————> CHCH; —] The negative charge is localized on O. | 


ethanol ethoxide 
acid conjugate base 


only one Lewis structure 


With acetate (CH3;COO ), however, two resonance structures can be drawn. 


The negative charge is 
delocalized on two O atoms. 


P ep e 
CH;=0, == CH3=07) s CH3=0, 
O-H Q: Q: 9 
acetic acid acetate hybrid 


ete resonance-stabilized 


two resonance structures conjugate base 


The difference in these two resonance structures is the position of a 7 bond and a lone pair. 
Although each resonance structure of acetate implies that the negative charge is localized on an 
O atom, in actuality, charge is delocalized over both O atoms. Delocalization of electron density 
stabilizes acetate, making it a weaker base. 


Remember that neither resonance form adequately represents acetate. The true structure is a 
hybrid of both structures. In the hybrid, the electron pairs drawn in different locations in indi- 
vidual resonance structures are delocalized. With acetate, a dashed line is used to show that each 
C—O bond has partial double bond character. The symbol 5 (partial negative) indicates that the 
charge is delocalized on both O atoms in the hybrid. 


Thus, resonance delocalization makes CH;COO™ more stable than CH,;CH,0", so CH; COOH 
is a stronger acid than CH,;CH,OH. This is another example of a general rule. 


e The acidity of H-A increases when the conjugate base A: is resonance stabilized. 


Electrostatic potential plots of CH;CH,O and CH;COO in Figure 2.3 indicate that the nega- 
tive charge is concentrated on a single O in CH;CH,O,, but delocalized over the O atoms in 
CH;COO . 


The C -H bond in acetone, (CH3)2C =O, has a pK, of 19.2. Draw two resonance structures for its 
conjugate base. Then, explain why acetone is much more acidic than propane, CH3CH2CH; (pKa = 50). 


Acetonitrile (CH3CN) has a pK, of 25, making it more acidic than many other compounds having 
only C -H bonds. Draw Lewis structures for acetonitrile and its conjugate base. Use resonance 
structures to account for the acidity of acetonitrile. 


CH4CH,O- CHsCOO- 


The negative charge is concentrated The negative charge is delocalized 
on the single oxygen atom, making over both oxygen atoms, making 
this anion less stable. this anion more stable. 
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2.5D 


Figure 2.4 


Electrostatic potential plots 
of three carbanions 


Hybridization Effects 


The final factor affecting the acidity of H—A is the hybridization of A. To illustrate this 
phenomenon, compare ethane (CH;CHs), ethylene (CH=CH), and acetylene (HC=CH), three 
different compounds containing C—H bonds. Appendix A indicates that there is a considerable 
difference in the pK, values of these compounds. 


CH3CH3 CH=CH; H—C=C—-H 
ethane ethylene acetylene = g 
_ weakest acid = pK, = 50 pK, = 44 pK, = 25 — strongest acid 


The conjugate bases formed by removing a proton from ethane, ethylene, and acetylene are each 
carbanions—species with a negative charge on carbon. 


CH3CH> CH,=CH H-C=C: 
sp? hybridized C | sp* hybridized C | sp sp hybridized c 
25% s-character 33% s-character 50% s-character 
Increasing percent s-character 
Increasing stability 


Note, however, that the hybridization of the carbon bearing the negative charge is different in 
each anion, so the lone pair of electrons occupies an orbital with a different percent s-character in 
each case. A higher percent s-character means a hybrid orbital has a larger fraction of the lower 
energy s orbital. 


è The higher the percent s-character of the hybrid orbital, the more stable the conjugate 
base. 


Thus, acidity increases from CHCH; to CH, = CH, to HC=CH as the negative charge of the 
conjugate base is stabilized by increasing percent s-character. Once again this is a specific 
example of a general trend. 


e The acidity of H-A increases as the percent s-character of the A: increases. 


Electrostatic potential plots of these carbanions appear in Figure 2.4. 


j am Hr 
Ceu c=C H-C=C> 
H \ fo EN 
H H H 


Increasing percent s-character 
Increasing carbanion stability 


e As the lone pair of electrons is pulled closer to the nucleus, the negatively charged carbon appears 
less intensely red. 


Problem 2.22 


2.5 


Figure 2.5 


Summary of the factors that 


determine acidity 
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For each pair of compounds: [1] Which indicated H is more acidic? [2] Draw the conjugate base of 


each acid. [3] Which conjugate base is stronger? 
H H 
a. ee or itai b. Q| or or 


Summary of Factors Determining Acid Strength 


The ability to recognize the most acidic site in a molecule will be important throughout the 
study of organic chemistry. All the factors that determine acidity are therefore summarized in 
Figure 2.5. The following two-step procedure shows how these four factors can be used to deter- 
mine the relative acidity of protons. 


Factor Example 


1, Element effects: The acidity of H-A 
increases both left-to-right across a 
row and down a column of the | 


Ci 


reasing acidity 


periodic table. = “9 —O-H H—F D 
—S-H HC g È 
i Q 
H-Br £% 
H—I 
2. Inductive effects: The acidity of CH3CH,0—H CF,zCH,0—H 
H —A increases with the presence of more acidic 
electron-withdrawing groups in A. 
3. Resonance effects: The acidity of CH3CH,0—-H CH;COO—-H 
H -A increases when the conjugate more acidic 
base A: is resonance stabilized. 
4. Hybridization effects: The acidity CH3CH3 CH=CH; H-C=C—H 
of H -A increases as the percent - a 
s-character of A: increases. : 
How To Determine the Relative Acidity of Protons J 
Step [1] identify the atoms bonded to hydrogen, and use periodic trends to assign relative acidity. 

e The most common H -A bonds in organic compounds are C -H, N~H, and O -H. Because acidity increases left-to- 
right across a row, the relative acidity of these bonds is C-H < N-H < O-H. Therefore, H atoms bonded to C atoms 
are usually fess acidic than H atoms bonded to any heteroatom. 

Step [2] If the two H atoms in question are bonded to the same element, draw the conjugate bases and look for other 


points of difference. Ask three questions: 


e Do electron-withdrawing groups stabilize the conjugate base? 
e Is the conjugate base resonance stabilized? 
e How is the conjugate base hybridized? 
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Sample Problem 2.6 


Problem 2.23 


Problem 2.24 


2.6A 


Sulfuric acid is the most 
widely produced industrial 
chemical. It is also formed 
when sulfur oxides, emitted 
into the atmosphere by burning 
fossil fuels high in sulfur 
content, dissolve in water. 

This makes rainwater acidic, 
forming acid rain. 


Sample Problem 2.6 shows how to apply this procedure to actual compounds. 


Rank the following compounds in order of increasing acidity of their most acidic hydrogen atom. 
CICH,CH,0OH CH3CH,OH CH3CH,NH, 
A B Cc 


Solution 

[1] Compounds A, B, and C contain C -H, N-H, and O -H bonds. Because acidity increases left- 
to-right across a row of the periodic table, the O -H bonds are most acidic. Compound © is 
thus the least acidic because it has no O -H bonds. 

[2] The only difference between compounds A and B is the presence of an electronegative Cl in A. 
The Cl atom stabilizes the conjugate base of A, making it more acidic than B. Thus, 


CH3CHNH> CH3CH,0H CICH,CH,OH 
c B A 


= increasing 


Rank the compounds in each group in order of increasing acidity. 
a. CH3CH2CH3, CH3CH2OH, CH3CH2NH32 

b. BrCH,COOH, CHCH COOH, CHCH2CH2OH 

c. CH3CH2NH5, (CH3) N, CH3CH20OH 


Which proton in each of the following drugs is most acidic? THC is the active component in 
marijuana, and ketoprofen is an anti-inflammatory agent. 


$ OH fo) 
a. b. 
Ss © So COOH 


O 


THC 


ketoprofen 
tetrahydrocannabinol p 


Common Acids and Bases 


Many strong or moderately strong acids and bases are used as reagents in organic reactions. 


Common Acids 


Several organic reactions are carried out in the presence of strong inorganic acids, most com- 
monly HCI and H}S04. These strong acids, with pK, values < 0, should be familiar from previ- 
ous chemistry courses. 


Two organic acids are also commonly used, namely acetic acid and p-toluenesulfonic acid 


(usually abbreviated as TsOH). Although acetic acid has a higher pK, than the inorganic acids, 


making it a weaker acid, it is more acidic than most organic compounds. p-Toluenesulfonic acid 
is similar in acidity to the strong inorganic acids. Because it is a solid, small quantities can be 


easily weighed on a balance and then added to a reaction mixture. 


fe) 
i 

CHCOOH oÈ fo = TsOH 
O 


acetic acid p-toluenesulfonic acid 
pK, = 4.8 pK, =-7 
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2.6B Common Bases 


Problem 2.25 


Figure 2.6 


Some common negatively 
charged bases 


Common strong bases used in organic reactions are more varied in structure. Three common 
kinds of negatively charged bases include: 


[1] Negatively charged oxygen bases: “OH (hydroxide) and its organic derivatives 
[2] Negatively charged nitrogen bases: NH, (amide) and its organic derivatives 
[3] Hydride (H`) 


Figure 2.6 gives examples of these strong bases. Each negatively charged base is used as a salt 
with a spectator ion (usually Li*, Na’, or K*) that serves to balance charge. 


e Strong bases have weak conjugate acids with high pK, values, usually > 12. 


Strong bases have a net negative charge, but not all negatively charged species are strong 
bases. For example, none of the halides, F~, Cl’, Br, or T, is a strong base. These anions have 
very strong conjugate acids and have little affinity for donating their electron pairs to a proton. 


Carbanions, negatively charged carbon atoms discussed in Section 2.5D, are especially strong 
bases. Perhaps the most common example is butyllithium. Butyllithium and related compounds 
are discussed in greater detail in Chapter 20. 


very strong base 
CH3CH2CH CH7 Lit 
butyllithium 


Two other weaker organic bases are triethylamine and pyridine. These compounds have a lone 
pair on nitrogen, making them basic, but they are considerably weaker than the amide bases 
because they are neutral, not negatively charged. 


S 
CH3CH,—N-CH,CHs | a 
CHCH3 N 
triethylamine pyridine 


Draw the products formed when 2-propanol [(CH3)2CHOH], the main ingredient in rubbing alcohol, 
is treated with each acid or base: (a) NaH; (b) H2SO4; (c) Li*-N[CH(CHs)s]2; (d) CH3CO>H. 


| oxygen bases | | nitrogen bases | 


Na+ ~OH sodium hydroxide Na* “NH, sodium amide 


Nat “OCH, sodium methoxide Li* "N[CH(CHg)a]o lithium diisopropylamide 


Na* ~“OCH,CH3 sodium ethoxide 
hydride 
K* ~OC(CH3)3 potassium tert-butoxide 


Nat H7 sodium hydride 
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2.7 


We will learn more about 
solubility and the cell 
membrane in Section 3.7. 


Problem 2.26 


Figure 2.7 


Salicin, an analgesic in 
willow bark 


Aspirin 

Aspirin, or acetylsalicylic acid, is the most well known member of a group of compounds called 
salicylates. Although aspirin was first used in medicine for its analgesic (pain-relieving), anti- 
pyretic (fever-reducing), and anti-inflammatory properties, today it is commonly used as an anti- 
platelet agent in the treatment and prevention of heart attacks and strokes. Aspirin is a synthetic 
compound; it does not occur in nature, though some related salicylates are found in willow bark 
and meadowsweet blossoms (Figure 2.7). 


Like many drugs, aspirin is capable of undergoing a proton transfer reaction. Its most acidic pro- 
ton is the H bonded to O, and in the presence of base, this H is readily removed. 


O, UCH O. 6H 
` 3 ` 3 
oO (6) 
; ‘ + H-B 
CL we l = (x oO 
g Vh g 
O O 
aspirin conjugate base 
acetylsalicylic acid ionic form 


neutral form 
This form exists in the stomach. 


This form exists in the intestines. 


Why is this acid-base reaction important? After ingestion, aspirin first travels into the stomach 
and then the intestines. In the acidic environment of the stomach, aspirin remains in its neutral 
form, but in the basic environment of the small intestine, aspirin is deprotonated to form its 
conjugate base, an ion. Likewise, in the slightly basic environment of the blood, aspirin exists 
primarily as its ionic conjugate base. 


Whether aspirin is a neutral acid or an ionic conjugate base affects its transport throughout the 
body and its ability to pass through a cell membrane. In its ionic form, aspirin is readily soluble 
in the aqueous environment of the blood, and so it is transported in the bloodstream to tissues. 
Once aspirin has reached its target location, however, its conjugate base must be re-protonated 
to form the neutral acid that can pass through the nonpolar interior of a cell membrane where it 
inhibits prostaglandin synthesis, as we will learn in Chapter 19. Thus, in the body, aspirin under- 
goes acid-base reactions and these reactions are crucial in determining its properties and action. 


CH,—C-H by the HCI in the gastric juices of the stomach, and the resulting salt is then 
NH, deprotonated in the basic environment of the intestines to regenerate the 
neutral form. Write proton transfer reactions for both of these processes. 
amphetamine In which form will amphetamine pass through a cell membrane? 


[y CHa Compounds like amphetamine that contain nitrogen atoms are protonated 


OH 
HO 
te) 
HO 
0 
or 
salicin 


willow tree 


e The modern history of aspirin dates back to 1763 when Reverend Edmund Stone reported on the 
analgesic effect of chewing on the bark of the willow tree. Willow bark is now known to contain 
salicin, which is structurally related to aspirin. 


2.8 


All Bronsted-Lowry bases are 
Lewis bases. 


Problem 2.27 


Problem 2.28 


Any reaction in which one 
species donates an electron 
pair to another species is a 
Lewis acid-base reaction. 
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Lewis Acids and Bases 


The Lewis definition of acids and bases is more general than the Brønsted-Lowry definition. 


e A Lewis acid is an electron pair acceptor. 
e A Lewis base is an electron pair donor. 


Lewis bases are structurally the same as Brgnsted—Lowry bases. Both have an available 


electron pair—a lone pair or an electron pair in a = bond. A Brgénsted—Lowry base always 
donates this electron pair to a proton, but a Lewis base donates this electron pair to anything that 


is electron deficient. 
| Examples of Lewis bases l 
H H 


:Ö-—H CH,—O-H C=C 


— H H 
— available electron pair je 


A Lewis acid must be able to accept an electron pair, but there are many ways for this to 
occur. All Brønsted-Lowry acids are also Lewis acids, but the reverse is not necessarily 
true. Any species that is electron deficient and capable of accepting an electron pair is also a 
Lewis acid. 


Common examples of Lewis acids (which are not Brgnsted—Lowry acids) include BF; and AICl3. 
These compounds contain elements in group 3A of the periodic table that can accept an electron 
pair because they do not have filled valence shells of electrons. 


| Examples of Lewis acids | 
— Ee L EN 


L 


no filled valence shell 


H20 CHOH | BF, AlCl, 


These compounds are both These compounds are only Lewis acids. 
Brensted—Lowry acids and Lewis acids. a 


Which compounds are Lewis bases? 
a. NH3 b. CH3CH2CH3 ë: H d. H-C=C-H 


Which compounds are Lewis acids? 

a. BBrs b. CH3CH2OH c. (CHs)3C* d. Br 

In a Lewis acid-base reaction, a Lewis base donates an electron pair to a Lewis acid. Most 
of the reactions in organic chemistry involving movement of electron pairs can be classified as 
Lewis acid—base reactions. Lewis acid—base reactions illustrate a general pattern of reactivity in 
organic chemistry. 


e Electron-rich species react with electron-poor species. 


In the simplest Lewis acid-base reaction one bond is formed and no bonds are broken. This 
is illustrated with the reaction of BF; with HO. BF; has only six electrons around B, so it is the 
electron-deficient Lewis acid. HO has two lone pairs on O, so it is the electron-rich Lewis base. 


F E F + 
F-8 + HGO-H —— F=B—-O-H 
F F f H 
Lewis acid Lewis base 
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Nucleophile = nucleus loving. 
Electrophile = electron loving. 


Problem 2.29 


Problem 2.30 


Problem 2.31 


H,O donates an electron pair to BF; to form one new bond. The electron pair in the new 
B-O bond comes from the oxygen atom, and a single product is formed. Both B and O bear 
formal charges in the product, but the overall product is neutral. 


e A Lewis acid is also called an electrophile. 


e When a Lewis base reacts with an electrophile other than a proton, the Lewis base is 
also called a nucleophile. 


In this Lewis acid-base reaction, BF; is the electrophile and H,O is the nucleophile. 


Two other examples are drawn. In each reaction the electron pair is not removed from the 
Lewis base; instead, the electron pair is donated to an atom of the Lewis acid, and one new 
covalent bond is formed. 


| electrophile . 4 nucleophile | 
| 
Hs —— > CH, 


ee 
CH3—C* + Bri = CHg—C58F 
Hs , CHN new bond | 
Lewis acid Lewis base i 
Cl Ci 
| ae Nx 
CiI—AI eo W CI—AlzẸI-CHs 
Cl af 
Lewis acid Lewis base EJS 


[ new bond | 


For each reaction, label the Lewis acid and base. Use curved arrow notation to show the movement 
of electron pairs. 


= Chs 
a. BF; + CH-Ö-CH; ——> F-B—O: 
CH; 


b. (CHs).CH + -OH ——> (CH,)sCHOH 


Draw the products of each reaction, and label the nucleophile and electrophile. 


70: 
An il 
a. CHCH—0-CH,CH + BBr,s —— b. G + AICI — 
3 a si 2 3 3 CHS “CH, 3 


Draw the product formed when (CH3CHz)3N:, a Lewis base, reacts with each Lewis acid: (a) B(CHs)s; 
(b) (CHa)sC*; (c) AlCl. 


In some Lewis acid-base reactions, one bond is formed and one bond is broken. To draw the 

products of these reactions, keep the following steps in mind. 

[1] Always identify the Lewis acid and base first. 

[2] Draw a curved arrow from the electron pair of the base to the electron-deficient atom 
of the acid. 

[3] Count electron pairs and break a bond when needed to keep the correct number of 
valence electrons. 


Recall from Chapter 1 that a 
positively charged carbon atom 
is called a carbocation. 


H 
H H 


+ 
+ 


H H 
H 
new bond 


In the reaction of cyclohexene 
with HCI, the new bond to H 
could form at either carbon of 
the double bond, because the 
same carbocation results. 


Problem 2.32 


KEY CONCEPTS 


Acids and Bases 


Key Concepts 79 


For example, draw the Lewis acid-base reaction between cyclohexene and H—Cl. The Brénsted— 
Lowry acid HCI is also a Lewis acid, and cyclohexene, having a 7 bond, is the Lewis base. 


f 
| n bond | | electron-deficient H atom 
H 
Ko 
H 


H—CI 

or 
cyclohexene Lewis acid 
Lewis base 


To draw the product of this reaction, the electron pair in the m bond of the Lewis base forms a 
new bond to the proton of the Lewis acid, forming a carbocation. The H—Cl bond must break, 
giving its two electrons to Cl, forming Cl’. Because two electron pairs are involved, two curved 
arrows are needed. 


H 


H 
+ HG —> oe 
H 


Lewis base Lewis acid 


The Lewis acid-base reaction of cyclohexene with HCl is a specific example of a fundamental 
reaction of compounds containing C—C double bonds, as discussed in Chapter 10. 


A Comparison of Bronsted-Lowry and Lewis Acids and Bases 


Type 

Bronsted—Lowry acid (2.1) 
Bronsted-Lowry base (2.1) 
Lewis acid (2.8) 


Lewis base (2.8) 


Acid-Base Reactions 


proton donor 
proton acceptor 
electron pair acceptor 


electron pair donor 


Label the Lewis acid and base. Use curved arrow notation to show the movement of electron pairs. 
CHa CH3 
CH =C + H,O* — CHa—C} + HÖ: 
i? H 
Definition Structural feature Examples 


HCI, H2S0,, H2O, CH3COOH, TSOH 
“OH, “OCHs, H, “NHp, NHs, CH, = CH, 
BF3, AIClg, HCI, CHCOOH, H2O 


a proton 

a lone pair or a n bond 

a proton, or an unfilled valence 
shell, or a partial (+) charge 


a lone pair or a n bond “OH, “OCHs, H, “NH3, NH3, CH; = CH3 


[1] A Brønsted-Lowry acid donates a proton to a Brønsted-Lowry base (2.2). 


H-9 


acid 
proton donor 


H 
“ee i= l 
=k + H—N—H z H—O: + H—N—-H 
base conjugate base conjugate acid 


proton acceptor 
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[2] A Lewis base donates an electron pair to a Lewis acid (2.8). 


Oy, _ eee CHa 
+ :Brt $r: 


i 
CHa—Ç* —> CH-Ọ-§ 
CH; CH3 
Lewis acid Lewis base 
electrophile nucleophile 


e Electron-rich species react with electron-poor ones. 
e Nucleophiles react with electrophiles. 


Important Facts 
¢ Definition: pK, = -log Ka. The lower the pKa, the stronger the acid (2.3). 
e The stronger the acid, the weaker the conjugate base (2.3). 
e In proton transfer reactions, equilibrium favors the weaker acid and weaker base (2.4). 
e An acid can be deprotonated by the conjugate base of any acid having a higher pK, (2.4). 


Periodic Trends in Acidity and Basicity (2.5A) 


Periodic trends in acidity Periodic trends in basicity 
Increasing acidity |) > A increasing basicity 
| | 
—C-H  —N-H —O-H H-F 2 —Cc —N- —oO F- 
| | $2 l | D 
—S-H  4H-Cl RE _ cr 5 z 
o = 
H-Br £% Br Sa 
£ Sg 
H—I Ir 


Factors That Determine Acidity (2.5) 


[1] Element effects (2.5A) The acidity of H —A increases both left-to-right across a row and down a column of the periodic 
table. 

[2] Inductive effects (2.5B) The acidity of H—A increases with the presence of electron-withdrawing groups in A. 

[3] Resonance effects (2.5C) The acidity of H—A increases when the conjugate base A:" is resonance stabilized. 

[4] Hybridization effects (2.5D) The acidity of H -A increases as the percent s-character of A: increases. 


PROBLEMS O 


Problems Using Three-Dimensional Models 


2.33 Propranolol is an antihypertensive agent—that is, it lowers blood pressure. (a) Which proton in propranolol is most acidic? 
(b) What products are formed when propranolol is treated with NaH? (c) Which atom is most basic? (d) What products are 
formed when propranolol is treated with HCI? 


4 


@ D. -@ a. » 
w 2 v yo * 


propranolol 


Problems 


2.34 Amphetamine is a powerful stimulant of the central nervous system. (a) Which proton in amphetamine is most acidic? 


(b) What products are formed when amphetamine is treated with NaH? (c) What products are formed when amphetamine 
is treated with HCI? 


bd 4 
o © @ 
a ; 
T fy 
a 
amphetamine 


Brønsted-Lowry Acids and Bases 
2.35 What is the conjugate acid of each base? 


a. H20 b. “NH2 c. HCO,” d. CHsCH,NHCHs e. CHOCH f. CHCOO7 
2.36 What is the conjugate base of each acid? 
a. HCN b. HCO;7 c. (CHa) ÑH2 d. HCE CH e. CH3CH»COOH f. CHsSO3H 


2.37 (a) Draw the conjugate acid of ethylene, CH2 = CH3. (b) Draw the conjugate base of ethylene. 


Reactions of Bronsted-Lowry Acids and Bases 


2.38 Draw the products formed from the acid-base reaction of HSO, with each compound. 


a. Con b. CO c. OSa d. C-on 


2.39 Draw the products formed from the acid-base reaction of KOH with each compound. 


o 
a. (ou b. (H c. C ozon d. oÀ jon 
OH 


2.40 Draw the products of each proton transfer reaction. Label the acid and base in the starting materials, and the conjugate acid 
and base in the products. 


a. CHOH + “NH, => c. CH3CH,-O-H + H-Br === 
rf 
b. Cc + CHO > d. CHC=C7 + HO ==> 


CHCH% ~O-H 


2.41 Draw the products of each acid-base reaction. 


re) 
ll 
a oroi T NaHCO; === c. (CHa)NH + on \ soy = 


(0) 
Il 
b. CH;—C=ÇC-H + NaNH, ==> d. C + HS0} ===> 
3 2 CHA “CH, ZAWA 
2.42 Draw the products of each acid-base reaction. 
H CH3 
s H CH,CH,NHCH3 
COOH x 
a. + NaOH — b. Oo CF3 + HCI — 
CH30 
naproxen 1! 
anti-inflammatory agent fluoxetine 


antidepressant 
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2.43 Fenfluramine and phentermine are two components of fen-phen, an appetite suppressant withdrawn from the market in 1997 
after it was shown to damage the heart valves in some patients. What products are formed when fenfluramine and phentermine 
are each treated with acetic acid (CH3;CO2H)? 


CFs 
CH,CH(CH3)NHCH2CH, C J Hecha 


fenfluramine phentermine 


PKa Ka and the Direction of Equilibrium 


2.44 What is K, for each compound? Use a calculator when necessary. 
a. HS b. CICH;COOH c. HCN 
pK, = 7.0 pK, =2.8 pK, = 9.1 


2.45 What is the pKa for each compound? Use a calculator when necessary. 


a. K join b. C jih c. CF,COOH 


Ka = 4.7 x 10719 K, = 2.3 x 105 K,=5.9 x 107 


2.46 Which of the following bases are strong enough to deprotonate CH3;CH2CH2C =CH (pK, = 25), so that equilibrium favors the 
products: (a) H20; (b) NaOH; (c) NaNHp; (d) NH3; (e) NaH; (f) CH3Li? 


2.47 Which compounds can be deprotonated by “OH, so that equilibrium favors the products? Refer to the pK, table in Appendix A. 


a. HCOOH b. H:S c. C Ja d. CHsNH, 


2.48 Draw the products of each reaction. Use the pK, table in Appendix A to decide if the equilibrium favors the starting materials or 


products. 
Q OH 
oe: + ~OCH,CH, === : + NaHCO, ===> 
sados toon a (CF nen 
q 
b. C + Nat === e. H-C=C-H + Lit CHCH, ===> 


CHCH% `OH 


c. (CH3)3COH + H,SO, ===> f. CH3NH, + H,SO, ===> 


Relative Acid Strength 


2.49 Rank the following compounds in order of increasing acidity. 


a. NH3, H2O, HF e. CHOH, CH3NH>, CHCH; 

b. HBr, HCI, HF f. HCI, H20, H2S 

c. H20, H,0*, HO” g. CHsCH,CHs, CICH,CH,OH, CHsCH,OH 

d. NHs, H2O, HeS h. HC =CCH,CH3, CHsCHsCH,CH3, CHCH = CHCH; 


2.50 Rank the following ions in order of increasing basicity. 
a. CHH}, CHO, CHaÑH c. CHCOO7, CH3CH:07, CICH,COO- 


b. CH7, HO”, Br d. O O (ors 


2.51 The pK,’s of the two ammonium cations drawn below are 8.33 and 11.1. Which pK, corresponds to which cation? Explain your 


choice. 
+ Fá \+ 
NH3 (6) NH2 
l ) a 


2.52 


2.53 


2.54 


2.55 


2.56 


2.57 


2.58 


2.59 


2.60 


2.61 


Problems 


Explain why the pK, of propiolic acid (HC =CCOH, pKa = 1.8) is significantly lower than the pK, of propanoic acid 
(CH3CH2COGH, pKa = 4.9). 


The pK, of three different C -H bonds is given below. 
Hs (0) 
CH,CH,CH,—H CH=Q g 
CHy—-H CH  ~CH»— 
pK, = 50 f 
pK, = 43 pK, = 19.2 


a. For each compound, draw the conjugate base, including all possible resonance structures. 
b. Explain the observed trend in pKa. 


a. What is the conjugate acid of A? 
b. What is the conjugate base of A? HN )—on 
A 


Draw the structure of a constitutional isomer of compound B that fits each description. 
a. an isomer that is at least 10° times more acidic than B OQ 


b. an isomer that is at least 10° times less acidic than B Pain Pug 
H 


c. an isomer that is comparable in acidity to B 
B 


Many drugs are Bransted-Lowry acids or bases. 
a. What is the most acidic proton in the analgesic ibuprofen? Draw the conjugate base. 
b. What is the most basic electron pair in cocaine? Draw the on acid. 


ibuprofen cocaine 
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Dimethyl ether (CHOCH) and ethanol (CH3CH2OH) are isomers, but CHOCH; has a pK, of 40 and CH3CH2OH has a pKa of 16. 


Why are these pK, values so different? 


Atenolol is a B (beta) blocker, a drug used to treat high blood pressure. Which of the indicated N -H bonds is more acidic? 
Explain your reasoning. 


—>| 
HN 
rO L 
i 
OH H 


atenolol 


Ethyl butanoate, CH3CH2CH2CO2CH2CH3, is one of the many organic compounds isolated from mangoes. Which hydrogen 
is most readily removed when ethyl butanoate is treated with base? Propose a reason for your choice, and using the data in 
Appendix A, estimate its pK. 


Use the principles in Section 2.5 to label the most acidic hydrogen in each drug. Explain your choice. 


OH 
H 
o ALN 
ee ee aaa 
COH CH30 


valproic acid paroxetine metoprolol 
(used to treat epilepsy) LA e name: Paxil (used to treat high blood pressure) 
(used to treat depression) 


Label the three most acidic hydrogen atoms in lactic acid, CH3CH(OH)CO3H, and rank them in order of decreasing acidity. 
Explain your reasoning. 
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Lewis Acids and Bases 
2.62 Classify each compound as a Lewis base, a Bronsted-Lowry base, both, or neither. 


T 
a. yy b. CH3—Cl G: © d. © 


2.63 Classify each species as a Lewis acid, a Brønsted-Lowry acid, both, or neither. 
a. H,0* b. hC c. BCl d. BFy 


Lewis Acid-Base Reactions 
2.64 Label the Lewis acid and Lewis base in each reaction. Use curved arrows to show the movement of electron pairs. 


Q 2 T 
a Cr + BC — Cl—B-Cl of CH, eI + -OH — CH3—C—Cl 
Cl OH 
CH, phs CH, CHg 
b. ps + H,SO, = ERT + HSO; 
CH, CH, CH, CH; 


2.65 Draw the products of each Lewis acid-base reaction. Label the electrophile and nucleophile. 
CH3 
a. CH3CHOH + BF; ——> o C=O + BF; ——> e. Br + FeBrz ————> 
CH3 


+ 
b. CH3SCHz + AlCl} ——> d. O + HO 


2.66 Draw the product formed when the Lewis acid (CH3CHz)3C* reacts with each Lewis base: (a) H20; (b) CH3OH; (c) (CH3)20; 
(d) NH; (e) (CHg)2NH. 


General Problems 
2.67 Classify each reaction as either a proton transfer reaction, or a reaction of a nucleophile with an electrophile. Use curved arrows 
to show how the electron pairs move. 


OH OH, Br 
ee a ee a ae 


Br 
Ms 
H H Br 
—— Br Br” 
c. + Br ¥ —> + HBr 
H H 


2.68 Hydroxide (OH) can react as a Brønsted-Lowry base (and remove a proton), or a Lewis base (and attack a carbon atom). 
(a) What organic product is formed when “OH reacts with the carbocation (CH3)3C* as a Bronsted—-Lowry base? (b) What organic 


product is formed when “OH reacts with (CH3)3C* as a Lewis base? 


2.69 Answer the following questions about esmolol, a drug used to treat high blood pressure sold under the trade name Brevibloc. 


AA 


CH,0 
O esmolol 
a. Label the most acidic hydrogen atom in esmolol. d. Label all sp? hybridized C atoms. 
b. What products are formed when esmolol is treated with NaH? e. Label the only trigonal pyramidal atom. 


c. What products are formed when esmolol is treated with HCI? f. Label all C’s that bear a 5* charge. 
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Challenge Problems 
2.70 Explain the large difference in the observed pK, values for P and Q. 


pK, = 11.1 pK, = 1.2 


2.71 DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene, is a base we will encounter in elimination reactions in Chapter 8. Which N atom is 
more basic in DBU? Explain your choice. 


2.72 Molecules like acetamide (CH4CONH3) can be protonated on either their O or N atoms when treated with a strong acid like HCI. 
Which site is more readily protonated and why? 

2.73 Two pK, values are reported for malonic acid, a compound with two COOH groups. Explain why one pKa is lower and one pK, 
is higher than the pK, of acetic acid (CHCOOH, pKa = 4.8). 


ie) (0) (0) (8) (6) (6) 
aa e po e mn 
malonic acid 
pK, = 2.86 pKa = 5.70 


2.74 Amino acids such as glycine are the building blocks of large molecules called proteins that give structure to muscle, tendon, 


hair, and nails. 
P * Pp 
NH2CH2—C, NH3CH2—C, 
OH 07 
glycine zwitterion form 


a. Explain why glycine does not actually exist in the form with all atoms uncharged, but actually exists as a salt called a 


zwitterion. 
b. What product is formed when glycine is treated with concentrated HCI? 


c. What product is formed when glycine is treated with NaOH? 


2.75 Write a stepwise reaction sequence using proton transfer reactions to show how the following reaction occurs. (Hint: As a first 
step, use “OH to remove a proton from the CH; group between the C=O and C=C.) 


ce) (0) 


+ “OH 
HO 
(solvent) 


2.76 Which H atom in vitamin C (ascorbic acid) is most acidic? 


OH 
HO (8) o 
HO OH 
vitamin C 


ascorbic acid 


2.77 Which compound, M or N, is the stronger acid? Explain your choice. 
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Functional groups 

An overview of functional 
groups 

Intermolecular forces 
Physical properties 
Application: Vitamins 
Application of solubility: 
Soap 


Application: The cell 
membrane 


Functional groups and 
reactivity 


Biomolecules 


Introduction to Organic Molecules 
and Functional Groups 


Vitamin C, or ascorbic acid, is important in the formation of collagen, a protein that holds 
together the connective tissues of skin, muscle, and blood vessels. Citrus fruits—oranges, 
grapefruit, and lemons—are well known sources of vitamin C. A deficiency of vitamin C causes 
scurvy, a common disease of sailors in the 1600s when they had no access to fresh fruits on 
long voyages. Early Arctic explorers, however, were able to obtain vitamin C by eating scurvy 
grass, a low-growing plant found along the coasts of the Arctic region of the northern hemi- 
sphere. In Chapter 3, we learn why some vitamins like vitamin A can be stored in the fat cells 
in the body, whereas others like vitamin C are excreted in urine. 


3.1 
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Having learned some basic concepts about structure, bonding, and acid-base chemistry 
in Chapters 1 and 2, we will now concentrate on organic molecules. 


e What are the characteristic features of an organic compound? 
e What determines the properties of an organic compound? 


After these questions are answered, we can understand some important phenomena. For example, 
why do we store some vitamins in the body and readily excrete others? How does soap clean 
away dirt? We will also use the properties of organic molecules to explain some basic biological 
phenomena, such as the structure of cell membranes and the transport of species across these 
membranes. 


Functional Groups 


What are the characteristic features of an organic compound? Most organic molecules have 
C-C and C-H o bonds. These bonds are strong, nonpolar, and not readily broken. Organic 
molecules may have the following structural features as well: 


¢ Heteroatoms—atoms other than carbon or hydrogen. Common heteroatoms are nitrogen, 
oxygen, sulfur, phosphorus, and the halogens. 
e 7 Bonds. The most common t bonds occur in C-C and C—O double bonds. 
These structural features distinguish one organic molecule from another. They determine a mol- 
ecule’s geometry, physical properties, and reactivity, and comprise what is called a functional 
group. 


e A functional group is an atom or a group of atoms with characteristic chemical and 
physical properties. It is the reactive part of the molecule. 


Why do heteroatoms and n bonds confer reactivity on a particular molecule? 


e Heteroatoms have lone pairs and create electron-deficient sites on carbon. 


e z Bonds are easily broken in chemical reactions. A n bond makes a molecule a base 
and a nucleophile. 


The lone pairs make O The x bond makes a compound 
a base and a nucleophile. a base and a nucleophile. 
= \ Ff 
C=C 
FTS 
electron-deficient C The x bond is easily broken. 


Don’t think, though, that the C-C and C-H o bonds are unimportant. They form the carbon 
backbone or skeleton to which the functional groups are bonded. A functional group usually 
behaves the same whether it is bonded to a carbon skeleton having as few as two or as many as 
20 carbons. For this reason, we often abbreviate the carbon and hydrogen portion of the molecule 
by a capital letter R, and draw the R bonded to a particular functional group. 


R——Functional Group 


ar 


Carbon skeleton... bonded to... a particular functional group. 


Ethane, for example, has only C-C and C-H o bonds, so it has no functional group. Ethane 
has no polar bonds, no lone pairs, and no 7 bonds, so it has no reactive sites. Because of this, 
ethane and molecules like it are very unreactive. 
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Problem 3.1 


3.2 


3.2A 


To review the structure and 
bonding of the simple aliphatic 
hydrocarbons, return to 
Section 1.10. 


The word aliphatic is derived 
from the Greek word alejphas 
meaning fat. Aliphatic 
compounds have physical 
properties similar to fats. 


Ethanol, on the other hand, has two carbons and five hydrogens in its carbon backbone, as well as 
an OH group, a functional group called a hydroxy group. Ethanol has lone pairs and polar bonds 
that make it reactive with a variety of reagents, including the acids and bases discussed in Chapter 2. 
The hydroxy group makes the properties of ethanol very different from the properties of ethane. 
Moreover, any organic molecule containing a hydroxy group has properties similar to ethanol. 


prain | 
| Ethane | Ethanol | 


carbon backbone 


H 4 2 
an S. » Sa Yee Boe 


| ire d 
H—C—C— —] A —C—C—-O— = < 
rr “ «& hr a, 
H P) H H v 


hydroxy group 


e polar C—O and O-H bonds 
e two lone pairs 


«all C-C and C-H o bonds 
e no functional group 


Most organic compounds can be grouped into a relatively small number of categories, based on 
the structure of their functional group. Ethane, for example, is an alkane, whereas ethanol is a 
simple alcohol. 


What reaction occurs when CH3CH2OH is treated with (a) H2S0,? (b) NaH? What happens when 
CHCH; is treated with these same reagents? 


An Overview of Functional Groups 


We can subdivide the most common functional groups into three types. A more complete list of 
functional groups is presented on the inside front cover. 


e Hydrocarbons 
e Compounds containing a C-Z o bond where Z = an electronegative element 
e Compounds containing a C=O group 


Hydrocarbons 


Hydrocarbons are compounds made up of only the elements carbon and hydrogen. They 
may be aliphatic or aromatic. 


[1] Aliphatic hydrocarbons. Aliphatic hydrocarbons can be divided into three subgroups. 
e Alkanes have only C-C o bonds and no functional group. Ethane, CH3CHg, is a simple 


alkane. 

e Alkenes have a C-C double bond as a functional group. Ethylene, CH, = CH), is a simple 
alkene. 

e Alkynes have a C-C triple bond as a functional group. Acetylene, HC=CH, is a simple 
alkyne. 


[2] Aromatic hydrocarbons. This class of hydrocarbons was so named because many of the 
earliest known aromatic compounds had strong, characteristic odors. 


The simplest aromatic hydrocarbon is benzene. The six-membered ring and three m bonds of 
benzene comprise a single functional group. Benzene is a component of the BTX mixture (B for 
benzene) added to gasoline to boost octane ratings. 


O- or lo 


benzene phenyl group 
molecular formula CgHe CgHs— 
phenylcyclohexane 


Polyethylene is a synthetic 
plastic first produced in the 
1930s, and initially used as 
insulating material for radar 
during World War Il. It is now a 
plastic used in milk containers, 
sandwich bags, and plastic 
wrapping. Over 100 billion 
pounds of polyethylene are 
manufactured each year. 


3.2B 


Chloroethane, CH3CH,Cl, is a 
local anesthetic. 


Hemibrevetoxin B is a 
neurotoxin produced by algal 
blooms referred to as “red 
tides,” because of the color 
often seen in shallow ocean 
waters when these algae 
proliferate. 
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Table 3.1 Hydrocarbons vat 


Type of compound General structure Example Functional group 
Alkane R-H CH,CH, = 
\ ed 
Alkene C=C C=C double bond 
ff \ / \ 
H H 
Alkyne —Cc=Cc— H—C=C—H triple bond 


Aromatic compound O O phenyl group 


When a benzene ring is bonded to another group, it is called a phenyl group. In phenylcyclo- 
hexane, for example, a phenyl group is bonded to the six-membered cyclohexane ring. Table 3.1 
summarizes the four different types of hydrocarbons. 


Alkanes, which have no functional groups, are notoriously unreactive except under very drastic 
conditions. For example, polyethylene is a synthetic plastic and high molecular weight alkane, 
consisting of chains of -CH,— groups bonded together, hundreds or even thousands of atoms 
long. Because it is an alkane with no reactive sites, it is a very stable compound that does not 
readily degrade and thus persists for years in landfills. 


polyethylene td y di 9 d 3 
The chain continues in both directions. 


Compounds Containing C-Z o Bonds 


Several types of functional groups that contain C-Z o bonds are listed in Table 3.2. The electro- 
negative heteroatom Z creates a polar bond, making carbon electron deficient. The lone pairs on 
Z are available for reaction with protons and other electrophiles, especially when Z = N or O. 


5 
si -;+— lone pair 
—C—Z 3o 
Fa 


electron-deficient C 


Several simple compounds in this category are widely used. As an example, chloroethane 
(CH3CH,Cl, commonly called ethyl chloride) is an alkyl halide used as a local anesthetic. 
Chloroethane quickly evaporates when sprayed on a wound, causing a cooling sensation that 
numbs the site of an injury. 


Molecules containing these functional groups may be simple or very complex. Diethyl ether, the 
first common general anesthetic, is a simple ether because it contains a single O atom, depicted 
in red, bonded to two C atoms. Hemibrevetoxin B, on the other hand, contains four ether groups, 
in addition to other functional groups. 


6 
CH3;CHS ~CH,CH, 


diethyl ether hemibrevetoxin B 


90 Chapter 3 


Introduction to Organic Molecules and Functional Groups 


Table 3.2 Compounds Containing C-Z 6 Bonds a | 


Type of compound General structure Example 3-D structure Functional group 
Alkyl halide R—X: CH,—Br: -X 
7 7 halo group 
(X =F, Cl, Br, 1) = 
ws we 2 
Alcohol R—ÖH CH,—OH a i -OH 
ee hydroxy group 
iiig R-O-R CH3~Q—CHg “ae” -OR 
2 g? alkoxy group 
Amine R—NH, or CH,—NH5 `% Q, -NH3 
RÑH or RaÑ ¢ amino group 
Thiol R—SH CH3—§H “eX -SH 
4? mercapto group 
Sulfide R—8—R CHa—§—CH3 a e p”) -SR 
2 g alkylthio group 


3.2C Compounds Containing a C=O Group 


Many different types of functional groups possess a C—O double bond (a carbonyl group), as 
shown in Table 3.3. The polar C—O bond makes the carbonyl carbon an electrophile, while the 
lone pairs on O allow it to react as a nucleophile and base. The carbonyl group also contains a 7 


bond that is more easily broken than a C—O o bond. 


| Reactive features of a carbonyl group 


5- lone pairs 


ee easily broken r bond t 
+ = 
a i 


electron-deficient C 


Atenolol and donepezil are examples of useful drugs that contain a variety of functional groups. 
Atenolol is a B blocker, a group of drugs used to treat hypertension. Donepezil, sold under the 
trade name Aricept, is used to treat mild to moderate dementia associated with Alzheimer’s disease. 


aromatic ring 


HN _ o „ketone 
st ÅL aromatic m 
(8) N 
oe pa N O 
OH CHO 


alcohol 


atenolol 
(used to treat high blood pressure) 


f 


amine aromatic ring 


donepezil 
(used to treat Alzheimer's disease) 
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Table 3.3 Compounds Containing a C=O Group r 


Type of compound General structure Example 3-D structure Functional group 
10: iO: 
C=O 
Aldehyde g L 2 
RH CHS `H J - carbonyl group 
:0: 70: 
Il I C=O 
Ketone aie ais Hoy, re o carbonyl group 
3 at g? 
0; :0: 
Carboxylic il I 2 2 —COOH 
i Ohn Eea ` o 
acid ROH cH ~OH g carboxy group 
0; :0: 
Ester l . g . 4 s -COOR 
Re ~OR CH; OCH, kA I 
Her io} 
tl Il —CONHp, 
Amide nH (or R) CH Oniy N q —-CONHR, or 
) 3 2 y —CONR, 
H (or R) et 
ey :0: 
Acid Il ll s a, 
i (o M Jes -Cocl 
chloride RG cH Ge g 


The importance of a functional group cannot be overstated. A functional group determines 
all the following properties of a molecule: 


e bonding and shape 

e type and strength of intermolecular forces 
e physical properties 

e nomenclature 

e chemical reactivity 


Problem 3.2 Oseltamivir can be prepared in 10 steps from shikimic acid. Identify the functional groups in 


semen oseltamivir and shikimic acid. 
HO,, COH 10 steps o LT. 
A 
HO” yo 
OH NH, 
shikimic acid oseltamivir 


Tamiflu is the trade name for $$$ 
oseltamivir, an antiviral drug 
used to treat influenza. 
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Problem 3.3 


Problem 3.4 


3.3 


3.3A 


Intermolecular forces 

are also referred to as 
noncovalent interactions or 
nonbonded interactions. 


3.3B 


Draw the structure of a compound fitting each description: 


a. an aldehyde with molecular formula C,HgO c. a carboxylic acid with molecular formula C,HgO2 
b. a ketone with molecular formula C,HgO d. an ester with molecular formula C4HgO2 


Draw structures that fit each description and name the functional group in each molecule: 
(a) two constitutional isomers with molecular formula C5H;90 that contain different functional 
groups; (b) two constitutional isomers with molecular formula CgH;,.O that contain the same 
functional group. 


Intermolecular Forces 


Intermolecular forces are the interactions that exist between molecules. A functional group 
determines the type and strength of these interactions. 


lonic Compounds 


Ionic compounds contain oppositely charged particles held together by extremely strong 
electrostatic interactions. These ionic interactions are much stronger than the intermolecular 
forces present between covalent molecules, so it takes a great deal of energy to separate oppo- 
sitely charged ions from each other. 


| lon-ion interactions | 


strong electrostatic interaction 


Covalent Compounds 


Covalent compounds are composed of discrete molecules. The nature of the forces between the 
molecules depends on the functional group present. There are three different types of interactions, 
presented here in order of increasing strength: 


e van der Waals forces 


e dipole-dipole interactions 
¢ hydrogen bonding 


Van der Waals Forces 


Van der Waals forces, also called London forces, are very weak interactions caused by the 
momentary changes in electron density in a molecule. Van der Waals forces are the only 
attractive forces present in nonpolar compounds. 


Although any single van der 
Waals interaction is weak, a 
large number of van der Waals 
interactions creates a strong 
force. For example, geckos 
stick to walls and ceilings by 
van der Waals interactions of 
the surfaces with the 500,000 
tiny hairs on each foot. 


Surface area and 
van der Waals forces 


l A long, cylindrical molecule jo 


CHgCH,CH,CH,CH3 


larger surface area 


stronger van der Waals 
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For example, although a nonpolar CH, molecule has no net dipole, at any one instant its electron 
density may not be completely symmetrical, creating a temporary dipole. This can induce a tempo- 
rary dipole in another CH, molecule, with the partial positive and negative charges arranged close to 
each other. The weak interaction of these temporary dipoles constitutes van der Waals forces. 
All compounds exhibit van der Waals forces. 


van der Waals interaction between two CH, molecules 


| Uns Unsymmetrical electron density creates a temporary dipole. i] 


The surface area of a molecule determines the strength of the van der Waals interactions. The 
larger the surface area, the larger the attractive force between two molecules, and the stron- 
ger the intermolecular forces. Long, sausage-shaped molecules such as CH;CH,CH,CH,CH; 
(pentane) have stronger van der Waals interactions than compact spherical ones like C(CH3), 
(2,2-dimethylpropane), as shown in Figure 3.1. 


Another factor affecting the strength of van der Waals forces is polarizability. 


e Polarizability is a measure of how the electron cloud around an atom responds to 
changes in its electronic environment. 


Larger atoms like iodine, which have more loosely held valence electrons, are more polar- 
izable than smaller atoms like fluorine, which have more tightly held electrons. Because 
larger atoms have more easily induced dipoles, compounds containing them possess stronger 
intermolecular interactions. 


| A compact, spherical molecule | 


CH; CH3 
\ _ 
cH; O`ch, 
3 3 
S a po òt 2,2-dimethylpropane ô- 
(neopentane) 


| smaller surface area 


weaker van der Waals interactions 
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Hydrogen bonding helps 
determine the three- 
dimensional shape of large 
biomolecules such as 


carbohydrates and proteins. 


See Chapters 28 and 29 for 
details. 


Thus, two F, molecules have little force of attraction between them, because the electrons are held 
very tightly and temporary dipoles are difficult to induce. On the other hand, two I, molecules 
exhibit a much stronger force of attraction because the electrons are held much more loosely and 
temporary dipoles are easily induced. 


öt 3t t öt gt St 
JE 


of attraction of attraction 


t & 
Ra 


öt öt at 


small, less polarizable 
atoms 


öt st o ôt gt ô 
large polarizable atoms 


Dipole-Dipole Interactions 


Dipole-dipole interactions are the attractive forces between the permanent dipoles of two 
polar molecules. In acetone, (CH3),C=O, for example, the dipoles in adjacent molecules align 
so that the partial positive and partial negative charges are in close proximity. These attractive 
forces caused by permanent dipoles are much stronger than weak van der Waals forces. 


CH; 


acetone 


net attraction of permanent dipoles 


Hydrogen Bonding 


Hydrogen bonding typically occurs when a hydrogen atom bonded to O, N, or F is electro- 
statically attracted to a lone pair of electrons on an O, N, or F atom in another molecule. 
Thus, HO molecules can hydrogen bond to each other. When they do, an H atom covalently 
bonded to O in one water molecule is attracted to a lone pair of electrons on the O in another 
water molecule. Hydrogen bonds are the strongest of the three types of intermolecular forces, 
though they are still much weaker than any covalent bond. 


hydrogen bond 


1 


4 


hydrogen bond 


3.3 Intermolecular Forces 95 


Sample Problem 3.1 illustrates how to determine the relative strength of intermolecular forces 
for a group of compounds. Table 3.4 summarizes the four types of interactions that affect the 
properties of all compounds. 


Sample Problem 3.1 Rank the following compounds in order of increasing strength of intermolecular forces: 
CH3CH2CHsCH2CHs (pentane), CH3CH2CH2CH2OH (1-butanol), and CH3CH2CHsCHO (butanal). 


Solution 
net dipole _n. Net dipole 
ate, T 
CH3CH2CH2CH2CH3 CHyCH,CH,CH,~ Gey | CH3CH;CH; iT | 
pentane 1-butanol butanal 
e nonpolar molecule + bent molecule around O e trigonal planar C 
e polar C—O and O-H bonds e polar C=O bond 


¢ O-H bond for hydrogen bonding 


e Pentane has only nonpolar C~ C and C-H bonds, so its molecules are held together by only 
van der Waals forces. 

e 4-Butanol is a polar bent molecule, so it can have dipole-dipole interactions in addition to 
van der Waals forces. Because it has an O-H bond, 1-butanol molecules are held together 
by intermolecular hydrogen bonds as well. 

e Butanal has a trigonal planar carbon with a polar C=O bond, so it exhibits dipole-dipole 
interactions in addition to van der Waals forces. There is no H atom bonded to O, so two 
butanal molecules cannot hydrogen bond to each other. 


CH3CH»CH,CH=CH, CH3CHCH CHO CHsCH;CH2CH-OH 
Increasing strength of intermolecu! 


Table 3.4 Summary of Types of Intermolecular Forces E | 


Type of force Relative strength Exhibited by Example 
van der Waals weak all molecules CH3CH2CH2CH2CH3 
CH3CHszCHzCHO 
CHCH2CH2CH2OH 
dipole-dipole moderate molecules with a net CH3CHCH2CHO 
dipole CH3CH2CH2CH2OH 
hydrogen bonding strong molecules with an CH3CH2CH2CH20OH 
O-H, N-H, or H-F 
bond 
ion-ion very strong ionic compounds NaCl, LiF 


Problem 3.5 What types of intermolecular forces are present in each compound? 


a. © c. (CH3CH2)aN e. CH3;CH2,CH,COOH 


O 
b. \ d. CH2= CHCl f. CHa- C=C- CH 
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3.4A 


Sample Problem 3.2 


Physical Properties 


The strength of a compound’s intermolecular forces determines many of its physical properties, 
including its boiling point, melting point, and solubility. 


Boiling Point (bp) 


The boiling point of a compound is the temperature at which a liquid is converted to a gas. 
In boiling, energy is needed to overcome the attractive forces in the more ordered liquid state. 


e The stronger the intermolecular forces, the higher the boiling point. 


Because ionic compounds are held together by extremely strong interactions, they have very 
high boiling points. The boiling point of NaCl, for example, is 1413 °C. With covalent mol- 
ecules, the boiling point depends on the identity of the functional group. For compounds of 
approximately the same molecular weight: 


a compounds with | compounds with compounds with 
van der Waals forces | | dipole-dipole interactions | hydrogen bonding 
t SSS | k — = — = 


ier 


Increasing strength of intermolecular forces 
Increasing boiling point 


Recall from Sample Problem 3.1, for example, that the relative strength of the intermolecular 
forces increases from pentane to butanal to 1-butanol. The boiling points of these compounds 
increase in the same order. 


CH3CH,CH2CH,CH, CH3CH2CH>CHO CH,CHsCHsCHsOH 
pentane butanal 1-butanol 
bp = 36 °C bp = 76 °C bp = 118 °C 


Increasing strength of intermolecular forces 
Increasing boiling point 


Because surface area and polarizability affect the strength of intermolecular forces, they also 
affect the boiling point. For two compounds with similar functional groups: 


e The larger the surface area, the higher the boiling point. 
e The more polarizable the atoms, the higher the boiling point. 


Examples of each phenomenon are illustrated in Figure 3.2. In comparing two ketones that differ 
in size, 3-pentanone has a higher boiling point than acetone because it has a greater molecular 
weight and larger surface area. In comparing two alkyl halides having the same number of carbon 
atoms, CHsI has a higher boiling point than CH3F because I is more polarizable than F. 


Which compound in each pair has the higher boiling point? 


8. AO FOF Or ~ rp A o i 


A c D 


Solution 

a. Isomers A and B have only nonpolar C-C and C-H bonds, so they exhibit only van der Waals 
forces. Because B is more compact, it has less surface area and a lower boiling point. 

b. Compounds C and D have approximately the same molecular weight but different functional 
groups. C is a nonpolar alkane, exhibiting only van der Waals forces. D is an alcohol with an 
O-H group available for hydrogen bonding, so it has stronger intermolecular forces and a 
higher boiling point. 


Figure 3.2 


Effect of surface area and 
polarizability on boiling point 
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a. Effect of surface area 
O 
C = oo 
CH3CH3 `CH3CH3 CH; `CH3 
3-pentanone acetone 
larger surface smaller surface 
higher boiling point lower boiling point 
bp = 102 °C bp = 56 °C 
b. Effect of polarizability 
H H 
p = ~ = 
H Á H 4 
iodomethane fluoromethane 


Problem 3.6 


Problem 3.7 


Figure 3.3 


Schematic of a distillation 
apparatus 


less polarizable F atom 
lower boiling point 
bp =—78 °C 


more polarizable I atom 
higher boiling point 
bp = 42°C 


Which compound in each pair has the higher boiling point? 
a. (CH3)20 = CH2 or (CH3)2C = O C. CH3(CHo2)4CH3 or CH3(CHo2)sCH3 
b. CH3CH2,COOH or CH3COOCH3 d. CH2= CHCI or CH2 = CHI 


Explain why the boiling point of propanamide, CH3CH2CONH,;, is considerably higher than the 
boiling point of N,N-dimethylformamide, HCON(CHa)2 (213 °C vs. 153 °C), even though both 
compounds are isomeric amides. 

Liquids having different boiling points can be separated in the laboratory using a distil- 
lation apparatus (Figure 3.3). When a mixture of two liquids is heated in the distilling flask, 


2. Vapors in contact 
with cool glass 
condense to form 

pure liquid distillate. 


1. The mixture isheated and | 
the more volatile component | 
is vaporized first. | 


Water-cooled 
condenser 


Water out 
to sink 


Mixture of two liquids with 
different boiling points 


| By periodically changing the receiver flask, one can collect 
| compounds having different boiling points in separate flasks. 
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3.4B 


the lower boiling compound, the more volatile component, distills first, followed by the less 
volatile, higher boiling component. By collecting the distillate in a series of receiver flasks, the 
two liquids can usually be separated from each other. The best separations are generally achieved 
when the liquids in the mixture have widely different boiling points. 


Melting Point (mp) 


The melting point is the temperature at which a solid is converted to its liquid phase. In 
melting, energy is needed to overcome the attractive forces in the more ordered crystalline solid. 
Two factors determine the melting point of a compound. 


e The stronger the intermolecular forces, the higher the melting point. 


e Given the same functional group, the more symmetrical the compound, the higher the 
melting point. 


Because ionic compounds are held together by extremely strong interactions, they have very 
high melting points. For example, the melting point of NaCl is 801 °C. With covalent 
molecules, the melting point once again depends on the identity of the functional group. For 
compounds of approximately the same molecular weight: 


compounds with compounds with compounds with 
van der Waals forces dipole-dipole interactions hydrogen bonding 
Increasing strength of intermolecular forces 
Increasing melting point 


| 


The trend in the melting points of pentane, butanal, and 1-butanol parallels the trend observed 
in their boiling points. 


CH3CH2CH2CH2CH3 CH3CH2CH CHO CHCH CHCH OH 
pentane butanal 1-butanol 
mp = -130 °C mp = -96 °C mp = -90 °C 


Increasing strength of intermolecular forces 
Increasing melting point 


Symmetry also plays a role in determining the melting points of compounds having the same 
functional group and similar molecular weights, but very different shapes. A compact symmetrical 
molecule like 2,2-dimethylpropane packs well into a crystalline lattice whereas 2-methylbutane, 
which has a CH; group dangling from a four-carbon chain, does not. Thus, 2,2-dimethylpropane 
has a much higher melting point. 


m 
CHJCHCHCH; _ E highs 
cH = j = Ch, 
2-methylbutane a” } 2,2-dimethylpropane 
mp = -160 °C mp =-17 °C 


less symmetrical molecule | more symmetrical molecule 
lower melting point higher melting point 


Problem 3.8 Predict which compound in each pair has the higher melting point. 


a ASS or < \~ NH, b. Ae or ii tite 
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Consider acetic acid (CH3CO2H) and its conjugate base, sodium acetate (CH3;CO2Na). (a) What 
intermolecular forces are present in each compound? (b) Explain why the melting point of sodium 
acetate (324 °C) is considerably higher than the melting point of acetic acid (17 °C). 


Problem 3.9 


3.4C Solubility 


Solubility is the extent to which a compound, called the solute, dissolves in a liquid, called 


Quantitatively; a:compouna the solvent. In dissolving a compound, the energy needed to break up the interactions between the 
may be considered soluble ; : j 
molecules or ions of the solute comes from new interactions between the solute and the solvent. 


when 3 g of solute dissolves in 
100 mL of solvent. 


v 
w 


v 
@. í 
v 
® 
2 
eo. 
v 

2 


, @@ eo & 
“@ solute® cele 


solute—solute interactions z z 
new solute—solvent interactions 


Energy comes from the new interactions 
| of the solute with the solvent. 


Compounds dissolve in solvents having similar kinds of intermolecular forces. 


e “Like dissolves like.” 
e Polar compounds dissolve in polar solvents. Nonpolar or weakly polar compounds 


dissolve in nonpolar or weakly polar solvents. 


Water and organic liquids are two different kinds of solvents. Water is very polar because it is capable 
of hydrogen bonding with a solute. Many organic solvents are either nonpolar, like carbon tetrachlo- 
ride (CCl4) and hexane [CH3(CH),CH3], or weakly polar like diethyl ether (CH3;CH,OCH,CH3). 


Ionic compounds are held together by strong electrostatic forces, so they need very polar solvents 
to dissolve. Most ionic compounds are soluble in water, but are insoluble in organic solvents. 
To dissolve an ionic compound, the strong ion—ion interactions must be replaced by many weaker 


ion-dipole interactions, as illustrated in Figure 3.4. 


Figure 3.4 


Dissolving an ionic 
compound in HO 


ion—dipole 
interactions 


ion-ion 
interactions 


e When an ionic solid is dissolved in H20, the ion-ion interactions are replaced by ion-dipole 
interactions. Though these forces are weaker, there are so many of them that they compensate for 


the stronger ionic bonds. 
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(CHg)oC = O molecules cannot 
hydrogen bond to each other 
because they have no OH 
group. However, (CH3)2C = O 
can hydrogen bond to HzO 
because its O atom can 
hydrogen bond to one of the H 
atoms of H,O. 


For an organic compound 
with one functional group, a 
compound is water soluble 
only if it has < five C atoms 


and contains an O or N atom. 


Hydrophobic = afraid of H20; 
hydrophilic = H20 loving. 


Introduction to Organic Molecules and Functional Groups 


Most organic compounds are soluble in organic solvents (remember, like dissolves like). An 
organic compound is water soluble only if it contains one polar functional group capable 
of hydrogen bonding with the solvent for every five C atoms it contains. In other words, a 
water-soluble organic compound has an O- or N-containing functional group that solubilizes its 
nonpolar carbon backbone. 


Compare, for example, the solubility of butane and acetone in H,O and CC14. 


CCl, ech 


| soluble | _ soluble | 


:0: 
CH3CH,CH,CH, ono 
3 3 


butane 
acetone H2O 


HO | 
| insoluble 


| soluble | 
Because butane and acetone are both organic compounds having a C-C and C-H backbone, 
they are soluble in the organic solvent CCl4. Butane, a nonpolar molecule, is insoluble in the polar 
solvent H20. Acetone, however, is H,O soluble because it contains only three C atoms and its O 
atom can hydrogen bond with one H atom of H,O. In fact, acetone is so soluble in water that 
acetone and water are miscible—they form solutions in all proportions with each other. 


| hydrogen bond | 


\ Bs 
_-H OH 


oa 
. 
. 


af 
pox 


CH3 CH3 
acetone 


hydrogen bond 


Hydrogen bonding makes the small polar molecule acetone H2O soluble. 
The size of an organic molecule with a polar functional group determines its water solubility. A 
low molecular weight alcohol like ethanol is water soluble because it has a small carbon skel- 
eton (< five C atoms) compared to the size of its polar OH group. Cholesterol, on the other hand, 
has 27 carbon atoms and only one OH group. Its carbon skeleton is too large for the OH group 
to solubilize by hydrogen bonding, so cholesterol is insoluble in water. 


CH3CH2,—OH 
ethanol 


too large to be H20 soluble | 


one OH group that can hydrogen bond —> HO 
` H0 soluble | 


¢ The nonpolar part of a molecule that is not attracted to H20 is said to be hydrophobic. 
The polar part of a molecule that can hydrogen bond to H20 is said to be hydrophilic. 


cholesterol 


- H20 insoluble 


In cholesterol, for example, the hydroxy group is hydrophilic, whereas the carbon skeleton is 
hydrophobic. 


Figure 3.5 
Solubility summary 


Sample Problem 3.3 
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MTBE (tert-butyl methyl ether) and 4,4'-dichlorobipheny] (a polychlorinated biphenyl, abbrevi- 
ated as PCB) demonstrate that solubility properties can help determine the fate of organic com- 
pounds in the environment. 


CH ane 
3 (CH3)3 Cl Cl 


MTBE 4,4'-dichlorobiphenyl 
tert-butyl methyl ether (a polychlorinated biphenyl, PCB) 


Using MTBE as a high-octane additive in unleaded gasoline has had a negative environmental 
impact. Although MTBE is not toxic or carcinogenic, it has a distinctive, nauseating odor, and 
it is water soluble. Small amounts of MTBE have contaminated the drinking water in several 
communities, making it unfit for consumption. For this reason, the use of MTBE as a gasoline 
additive has steadily declined in the United States since 1999. 


4,4'-Dichlorobipheny] is a polychlorinated biphenyl (PCB), a compound that contains two benzene 
rings joined by a C-C bond, and substituted by one or more chlorine atoms on each ring. PCBs 
have been used as plasticizers in polystyrene coffee cups and coolants in transformers. They have 
been released into the environment during production, use, storage, and disposal, making them one 
of the most widespread organic pollutants. PCBs are insoluble in H,O, but very soluble in 
organic media, so they are soluble in fatty tissue, including that found in all types of fish and birds 
around the world. Although PCBs are not acutely toxic, frequently ingesting large quantities of fish 
contaminated with PCBs has been shown to retard growth and memory retention in children. 


Solubility properties of some representative compounds are summarized in Figure 3.5. 


Solubility in organic 


Type of compound Solubility in H20 solvents (such as CCl,) 
e lonic 
NaCl soluble insoluble 
e Covalent 
CHCH2CH2CH3 insoluble (no N or O atom to soluble 
hydrogen bond to H20) 
CH3CH2CH2OH soluble (< 5 C's and an O atom soluble 
for hydrogen bonding to H20) 
CH3(CH2)} 00H insoluble (> 5 C's; too large to soluble 


be soluble even though it has an 
O atom for hydrogen bonding to H20) 


Which compounds are water soluble? 


C Co 


chlorocyclopentane cyclopentanol 
A B 


Solution 

A has five C atoms and a polar C- Cl bond, but it is incapable of hydrogen bonding with H20, 
making it HzO insoluble. B has five C atoms and a polar OH group able to hydrogen bond to H20, 
making it H2O soluble. 


Which compounds are water soluble? 
a. CH3CH2,0CH2CH3 b. CH3CH2,CH2CH2CH3 c. (CHgCH2CH2CHp)3N 
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Sample Problem 3.4 


Problem 3.11 


3.5 


3.5A 


The name vitamin was first 
used in 1912 by the Polish 
chemist Casimir Funk, who 
called them vitamines, because 
he thought that they all 
contained an amine functional 
group. Later the word was 
shortened to vitamin, because 
some are amines but others, 
like vitamins A and C, are not. 


a. Which of the following molecules can hydrogen bond to another molecule like itself? 
b. Which of the following molecules can hydrogen bond with water? 


O, New, 
CHgCH,~ ~ ~CH CH, CHCH“ ii 
diethyl ether diethylamine 
A B 


Solution 

a. Compounds A and B have polar C- O and C -N bonds but A does not have an O-H bond, so 
it cannot hydrogen bond to another A molecule. B, on the other hand, has an N- H bond, so 
two B molecules can hydrogen bond with each other. 

b. Because A has an electronegative O atom and B has an electronegative N atom, both A and B 
can hydrogen bond with a hydrogen atom in water. 


V Woy \ We , 
CH;CH,~” ~CH;CH; CH,CH,~ “N/CHsCHg 
A B 


Label the hydrophobic and hydrophilic portions of each molecule: 
OH 


C=C-H — = COOH 
a. be NX a 


arachidonic acid 
(fatty acid) 


(0) l 
norethindrone 


(oral contraceptive component) 


Application: Vitamins 


Vitamins are organic compounds needed in small amounts for normal cell function. Our bod- 
ies cannot synthesize these compounds, so they must be obtained in the diet. Most vitamins are 
identified by a letter, such as A, C, D, E, and K. There are several different B vitamins, though, 
so a subscript is added to distinguish them: for example, B,, B2, and Bj». 


Whether a vitamin is fat soluble (it dissolves in organic media) or water soluble can be deter- 
mined by applying the solubility principles discussed in Section 3.4C. Vitamins A and C illustrate 
the differences between fat-soluble and water-soluble vitamins. 


Vitamin A 


Vitamin A, or retinol, is an essential component of the vision receptors in the eyes. It also helps 
to maintain the health of mucous membranes and the skin, so many anti-aging creams contain 
vitamin A. A deficiency of this vitamin leads to a loss of night vision. 


SASZLZALS Soy 


vitamin A 


Vitamin A contains 20 carbons and a single OH group, making it water insoluble. Because it is 
organic, it is soluble in any organic medium. To understand the consequences of these solubility 
characteristics, we must learn about the chemical environment of the body. 


Vitamin A is synthesized from 
B-carotene, the orange pigment 
in carrots. 


Vitamin C is obtained by eating 
citrus fruits and a wide variety 
of other fruits and vegetables. 
Individuals can also obtain the 
recommended daily dose of 
vitamin C by taking tablets that 
contain vitamin C prepared in 
the laboratory. Both the “natural” 
vitamin C in oranges and the 
“synthetic” vitamin C in vitamin 
supplements are identical. 


Problem 3.12 
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About 70% of the body is composed of water. Fluids such as blood, gastric juices in the stomach, 
and urine are largely water with dissolved ions such as Na* and K*. Vitamin A is insoluble in 
these fluids. There are also fat cells composed of organic compounds having C-C and C-H 
bonds. Vitamin A is soluble in this organic environment, and thus it is readily stored in these fat 
cells, particularly in the liver. 


Vitamin A may be obtained directly from the diet. In addition, f-carotene, the orange pigment 
found in many plants including carrots, is readily converted to vitamin A in our bodies. 


B-carotene 


SW Ww WTS 


OH 


vitamin A 


Eating too many carrots does not result in an excess of stored vitamin A. If you consume more 
B-carotene than you need, your body stores this precursor until it needs more vitamin A. Some 
B-carotene reaches the surface tissues of the skin and eyes, giving them an orange color. This 
phenomenon may look odd, but it is harmless and reversible. When stored B-carotene is converted 
to vitamin A and is no longer in excess, these tissues will return to their normal hue. 


3.5B Vitamin C 


Although most animal species can synthesize vitamin C, humans, guinea pigs, the Indian fruit 
bat, and the bulbul bird must obtain this vitamin from dietary sources. Citrus fruits, strawberries, 
tomatoes, and sweet potatoes are all excellent sources of vitamin C. 


OH 
HO 0.0 
HO OH 
vitamin C 
(ascorbic acid) 


Vitamin C has six carbon atoms, each bonded to an oxygen atom that is capable of hydrogen 
bonding, making it water soluble. Vitamin C thus dissolves in urine. Although it has been 
acclaimed as a deterrent for all kinds of diseases, from the common cold to cancer, the conse- 
quences of taking large amounts of vitamin C are not really known, because any excess of the 
minimum daily requirement is excreted in the urine. 


Predict the water solubility of each vitamin. 


(0) 
S OH 
a. | N” b. DO 3 
vitamin B3 9 vitamin K4 


(niacin) (phylloquinone) 
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SyGo usm 5.4 (a) Identify the functional groups in the ball-and-stick model of pantothenic acid, vitamin Bs. 
(b) At which sites can pantothenic acid hydrogen bond to water? (c) Predict the water solubility 
of pantothenic acid. 


é s o S ə 
@ af ew `~ 
Af 
ST d b @ 
pantothenic acid 
vitamin Bs 


Avocados are an excellent 
dietary source of pantothenic 
acid, vitamin Bs. 


3.6 Application of Solubility: Soap 


Soap has been used by humankind for some 2000 years. Historical records describe its manufac- 
ture in the first century and document the presence of a soap factory in Pompeii. Before this time 
clothes were cleaned by rubbing them on rocks in water, or by forming soapy lathers from the 
roots, bark, and leaves of certain plants. These plants produced natural materials called saponins, 
which act in much the same way as modern soaps. 


On a molecular level, soap has two distinct parts: 


e a hydrophilic portion composed of ions called the polar head 
e a hydrophobic carbon chain of nonpolar C—C and C-H bonds, called the nonpolar tail 


| Structure of soap | 


o | 4 
Nat QPP AAAA AA = Nat s $ 
Î H 


ionic end long, hydrocarbon chain 


DO SS SP SP ee eS 
a a oo A 


H H # 4 p 


` polar head — nonpolar tail 


Dissolving soap in water forms micelles, spherical droplets having the ionic heads on the 
surface and the nonpolar tails packed together in the interior, as shown in Figure 3.6. In 
this arrangement, the ionic heads are solvated by the polar solvent water, thus solubilizing the 
nonpolar, “greasy” hydrocarbon portion of the soap. 


How does soap dissolve grease and oil? Water alone cannot dissolve dirt, which is composed 
largely of nonpolar hydrocarbons. When soap is mixed with water, however, the nonpolar 
hydrocarbon tails dissolve the dirt in the interior of the micelle. The polar head of the soap 
remains on the surface of the micelle to interact with water. The nonpolar tails of the soap 
molecules are so well sealed off from the water by the polar head groups that the micelles are 
water soluble, allowing them to separate from the fibers of our clothes and be washed down 
the drain with water. In this way, soaps do a seemingly impossible task: they remove nonpolar 
hydrocarbon material from skin and clothes, by solubilizing it in the polar solvent water. 


Cross-section of a soap 
micelle with a grease particle 
dissolved in the interior 
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Figure 3.6 o ean 


Dissolving soap in water py oem graye cee? pate ed, 
loo A 
| polar head -—> @— <— nonpolar tail | 


s „@®_ nonpolar interior 
a d . 
(d 


Soap 
i x e 2 
é& |o Br 
. $ polar exterior 
os ál solvated by H2O 
° 4 $ ® 
& ai ` as 
ə g oy” “e 
A e”% Soap micelle 
e 
= oe 
\ j \e Cee 
H,0 Soap micelles in H2O 


e When soap is dissolved in H2O, it forms micelles with the nonpolar tails in the interior and the polar 
heads on the surface. The polar heads are solvated by ion-dipole interactions with H,O molecules. 


Problem 3.14 Which of the following structures represent soaps? Explain your answers. 
a. CH3CO, Na* b. CH3(CH3)14COz7 Na* C. CH3(CH2)12000H d. CH3(CH2)gCO2 Na* 


15 Today, synthetic detergents like the compound drawn here, not soaps, are used to clean clothes. 
Explain how this detergent cleans away dirt. 


ee TL sO; nat 


a detergent 


Problem 3. 


3.7 Application: The Cell Membrane 


The cell membrane is a beautifully complex example of how the principles of organic chemistry 
come into play in a biological system. 


3.7A Structure of the Cell Membrane 


The basic unit of living organisms is the cell. The cytoplasm is the aqueous medium inside the 
cell, separated from water outside the cell by the cell membrane. The cell membrane serves two 
apparently contradictory functions. It acts as a barrier to the passage of ions, water, and other 
molecules into and out of the cell, and it is also selectively permeable, letting nutrients in and 
waste out. 
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A major component of the cell membrane is a group of organic compounds called phospholipids. 
Like soap, they contain a hydrophilic ionic portion, and a hydrophobic hydrocarbon portion, in 
this case two long carbon chains composed of C-C and C-H bonds. Phospholipids thus con- 


tain a polar head and two nonpolar tails. 


| Structure of a phospholipid | n ee 
‘ole 
(0) ii Bias aiaia t al ine aa 
II | two long hydrocarbon chains 


(CHg)gNCHCH,—O—-P—O-CH, fo) 
l- 
T 


ionic end 


| nonpolar tails 


| polar head | 


When phospholipids are mixed with water, they assemble in an arrangement called a lipid bilayer, 
with the ionic heads oriented on the outside and the nonpolar tails on the inside. The polar heads 
electrostatically interact with the polar solvent H,O, while the nonpolar tails are held in close 
proximity by numerous van der Waals interactions. This is schematically illustrated in Figure 3.7. 


Figure 3.7 


H,O molecules 


07P=0 
ot 
may | nonpolar tails = 
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Membrane 
phospholipids 


carbohydrate 
side chains 


Lipid bilayer 
hydrophobic 
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hydrophilic 
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cholesterol 
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e Phospholipids contain an ionic or polar head, and two long nonpolar hydrocarbon tails. In an aqueous 
environment, phospholipids form a lipid bilayer, with the polar heads oriented toward the aqueous 
exterior and the nonpolar tails forming a hydrophobic interior. Cell membranes are composed largely of 


this lipid bilayer. 


3.7B 
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Cell membranes are composed of these lipid bilayers. The charged heads of the phospholipids 
are oriented toward the aqueous interior and exterior of the cell. The nonpolar tails form the 
hydrophobic interior of the membrane, thus serving as an insoluble barrier that protects the cell 
from the outside. 


Transport Across a Cell Membrane 


How does a polar molecule or ion in the water outside a cell pass through the nonpolar interior 
of the cell membrane and enter the cell? Some nonpolar molecules like O, are small enough to 
enter and exit the cell by diffusion. Polar molecules and ions, on the other hand, may be too large 
or too polar to diffuse efficiently. Some ions are transported across the membrane with the help 
of molecules called ionophores. 


Ionophores are organic molecules that complex cations. They have a hydrophobic exterior 
that makes them soluble in the nonpolar interior of the cell membrane, and a central cavity with 
several oxygen atoms whose lone pairs complex with a given ion. The size of the cavity deter- 
mines the identity of the cation with which the ionophore complexes. Two naturally occurring 
antibiotics that act as ionophores are nonactin and valinomycin. 


Naturally occurring antibiotic ionophores 


x 
$ 


nonactin valinomycin 


Each molecule contains a large central cavity to hold a cation. | 


Several synthetic ionophores have also been prepared, including one group called crown ethers. 
Crown ethers are cyclic ethers containing several oxygen atoms that bind specific cations 
depending on the size of their cavity. Crown ethers are named according to the general format 
x-crown-y, where x is the total number of atoms in the ring and y is the number of oxygen atoms. 
For example, 18-crown-6 contains 18 atoms in the ring, including 6 O atoms. This crown ether 
binds potassium ions. Sodium ions are too small to form a tight complex with the O atoms, and 
larger cations do not fit in the cavity. 


N 
QO: ‘ 
6: :6 
= 


18-crown-6 


complex with K+ 
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Figure 3.8 
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e By binding an ion on one side of a lipid bilayer (where the concentration of the ion is high) and 
releasing it on the other side of the bilayer (where the concentration of the ion is low), an ionophore 
transports an ion across a cell membrane. 


How does an ionophore transfer an ion across a membrane? The ionophore binds the ion on one 
side of the membrane in its polar interior. It can then move across the membrane because its 
hydrophobic exterior interacts with the hydrophobic tails of the phospholipid. The ionophore then 
releases the ion on the other side of the membrane. This ion-transfer role is essential for normal 
cell function. This process is illustrated in Figure 3.8. 


In this manner, antibiotic ionophores like nonactin transport ions across a cell membrane of bac- 
teria. This disrupts the normal ionic balance in the cell, thus interfering with cell function and 
causing the bacteria to die. 


Nonactin and valinomycin each contain only two different types of functional groups. What two 
functional groups are present in nonactin? In valinomycin? 


Now that you have learned about solubility, explain why aspirin (Section 2.7) crosses a cell 
membrane as a neutral carboxylic acid rather than an ionic conjugate base. 


Functional Groups and Reactivity 


Much of Chapter 3 has been devoted to how a functional group determines the strength of inter- 
molecular forces and, consequently, the physical properties of molecules. A functional group also 
determines reactivity. What type of reaction does a particular kind of organic compound undergo? 
Begin by recalling two fundamental concepts. 


e Functional groups create reactive sites in molecules. 
e Electron-rich sites react with electron-poor sites. 


All functional groups contain a heteroatom, a 7% bond, or both, and these features make 
electron-deficient (or electrophilic) sites and electron-rich (or nucleophilic) sites in a mol- 
ecule. Molecules react at these sites. To predict reactivity, first locate the functional group and 
then determine the resulting electron-rich or electron-deficient sites it creates. Keep three guide- 
lines in mind. 


e An electronegative heteroatom like N, O, or X makes a carbon atom electrophilic. 


— +1 
CH3CH;—CI = OH 
a” 


| pene site | 


| 


Problem 3.18 


:Nu’ = a nucleophile; 
E* = an electrophile. 


Problem 3.19 
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e Alone pair on a heteroatom makes it basic and nucleophilic. 


is 
CHa—Ö-CH; CH3—N-CH3 


f | 


` basic and nucleophilic site | 


e «= Bonds create nucleophilic sites and are more easily broken than o bonds. 


f 
eed 


== 
X 
Tag n bonds 


Label the electrophilic and nucleophilic sites in each molecule. 


a. ( )-s b. HzO Č. C) d, N, 
GH 


By identifying the nucleophilic and electrophilic sites in a compound you can begin to understand 
how it will react. In general, electron-rich sites react with electron-deficient sites: 


G— 


e Anelectron-deficient carbon atom reacts with a nucleophile, symbolized as :Nu’. 
e An electron-rich carbon reacts with an electrophile, symbolized as E*. 


At this point we don’t know enough organic chemistry to draw the products of many reactions 
with confidence. We do know enough, however, to begin to predict if two compounds might react 
together based solely on electron density arguments, and at what atoms that reaction is most 
likely to occur. 


For example, alkenes contain an electron-rich C-C double bond and so they react with electro- 
philes, E*. On the other hand, alkyl halides possess an electrophilic carbon atom, so they react 
with electron-rich nucleophiles. 


| Alkenes react with electrophiles. | Alky! halides react with nucleophiles. j 
\ i Bt 
+ Er 


C=C CH3CH2—Cl + NU 
N gung 
electron rich electron poor electron poor electron rich 
nucleophile electrophile electrophile nucleophile 


For now, you don’t need to worry about the products of these reactions. At this point you should 
only be able to find reactive sites in molecules and begin to understand why a reaction might 
occur at these sites. After you learn more about the structure of organic molecules in Chapters 4 
and 5, we will begin a detailed discussion of organic reactions in Chapter 6. 

Considering only electron density, state whether the following reactions will occur: 


a. CH3CH»—Br + “OH —> Cry, + 2h — 


b. CH;-C=C-CH, + Br —> d. CHs-C=C-CH, + Bt —> 


110 


Chapter 3 Introduction to Organic Molecules and Functional Groups 


3.9 


Problem 3.20 


Biomolecules 


Biomolecules are organic compounds found in biological systems. Many are relatively 
small, with molecular weights of less than 1000 g/mol. There are four main families of these 
small molecules—simple sugars, amino acids, lipids, and nucleotides. Many simple biomol- 
ecules are used to synthesize larger compounds that have important cellular functions. 


ee ee aa OE a 


oleic acid 
a fatty acid 
glucose 
a simple sugar 
NH3 
N S 
I 4 i: i 
CH3, COH a O= Gh NS yA 
C -O 
HN H 
OH 
alanine ; i 
an amino acid deoxyadenosine 5 -monophosphate 
a nucleotide 


Simple sugars such as glucose combine to form the complex carbohydrates starch and cellulose, 
as described in Chapter 28. Alanine is an amino acid used to synthesize proteins, the subject of 
Chapter 29. Fatty acids such as oleic acid react with alcohols to form triacylglycerols, the most 
prevalent lipids, first mentioned in Chapter 10, and discussed in more detail in Chapters 22 and 
30. While these biomolecules all contain more than one functional group, their properties and 
reactions are explained by the principles of basic organic chemistry. 


Finally, deoxyadenosine 5'-monophosphate is a nucleotide that combines with thousands of other 
nucleotides to form DNA, deoxyribonucleic acid, the high molecular weight polynucleotide that 
stores the genetic information of an organism. DNA consists of two polynucleotide chains that 
wind together in a double helix. Figure 3.9 illustrates the importance of hydrogen bonding in the 
structure of DNA. The two polynucleotide chains are held together by an extensive network of 
hydrogen bonds in which the N-H groups on one chain intermolecularly hydrogen bond to an 
oxygen or nitrogen atom on the adjacent chain. 


The fact that sweet-tasting carbohydrates like table sugar are also high in calories has prompted 
the development of sweet, low-calorie alternatives. (a) Identify the functional groups in aspartame, 
the artificial sweetener in Equal. (b) Label all of the sites that can hydrogen bond to the oxygen 
atom of water. (c) Label all of the sites that can hydrogen bond with a hydrogen atom of water. 


HoN OCH, 


COOH 
aspartame 
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Figure 3.9 DNA double helix 
The double helix of DNA 


Hydrogen bonding interactions are 
shown as dashed lines. 


e DNA, which is contained in the chromosomes of the nucleus of a cell, stores all of the genetic 
information in an organism. DNA consists of two long strands of polynucleotides held together by 
hydrogen bonding. 


KEY CONCEPTS 
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Types of Intermolecular Forces (3.3) 


Type of force 


van der Waals Caused by the interaction of temporary dipoles 
e Larger surface area, stronger forces 
e Larger, more polarizable atoms, stronger forces 


dipole-dipole Caused by the interaction of permanent dipoles 

hydrogen bonding Caused by the electrostatic interaction of a H atom in an O-H, N-H, or H-F bond with the lone 
pair of another N, O, or F atom 

ion-ion Caused by the charge attraction of two ions 


Physical Properties 


Observation 


Property 
Boiling point (3.4A) 


e For compounds of comparable molecular weight, the stronger the intermolecular forces the 
higher the bp. 


CH,CH,CH,CH,CH, CH3CH,CH,CHO CH3CH,CH,CH,OH 
VDW VDW, DD VDW, DD, HB 
bp = 36 °C bp = 76 °C bp = 118 °C 


Increasing strength of intermolecular forces 
Increasing boiling point 
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Melting point (3.4B) 


Solubility (3.4C) 
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e For compounds with similar functional groups, the larger the surface area, the higher the bp. 


CH,CH,CH,CH, CHgCH3CH,CH,CH, 
bp =0°C bp = 36°C 


O lt 


Increasing surface area 
Increasing boiling point 


e For compounds with similar functional groups, the more polarizable the atoms, the higher the bp. 


CHF CHI 
bp = -78 °C bp = 42°C 


Increasing polarizability 
Increasing boiling point 


e For compounds of comparable molecular weight, the stronger the intermolecular forces the 
higher the mp. 


CH3gCHsCHsCHsCHg CH3CH2,CH,CHO CHCH CH2CH2OH 
VDW VDW, DD VDW, DD, HB 
mp = -130 °C mp =-96 °C mp = -90 °C 


Increasing strength of intermolecular forces 


Increasing melting point 


e For compounds with similar functional groups, the more symmetrical the compound, the higher 
the mp. 
CH3CH2CH(CHs)> (CHg)4C 
mp =—160 °C mp =-17 °C 


Increasing symmetry 
Increasing melting point 


Types of water-soluble compounds: 

e lonic compounds 

e Organic compounds having < 5 C’s, and an O or N atom for hydrogen bonding (for a compound 
with one functional group). 

Types of compounds soluble in organic solvents: 

e Organic compounds regardless of size or functional group. 


Key: VDW = van der Waals, DD = dipole-dipole, HB = hydrogen bonding 


Reactivity (3.8) 


e Nucleophiles react with electrophiles. 
e Electronegative heteroatoms create electrophilic carbon atoms, which tend to react with nucleophiles. 
e Lone pairs and n bonds are nucleophilic sites that tend to react with electrophiles. 


Problems 113 


PROBLEMS O | 


Problems with Three-Dimensional Models 


3.21 (a) Identify the functional groups in the ball-and-stick model of elemicin, a compound partly responsible for the flavor and 
fragrance of nutmeg. (b) Draw a skeletal structure of a constitutional isomer of elemicin that should have a higher boiling point 
and melting point. (c) Label all electrophilic carbon atoms. 


v 
“9%. 
“S o a 
s @ ov 
elemicin 
pho’ 
v w @ 
e 
W 


3.22 (a) Identify the functional groups in the ball-and-stick model of neral, a compound with a lemony odor isolated from lemon 
grass. (b) Draw a skeletal structure of a constitutional isomer of neral that should be more water soluble. (c) Label the most 
electrophilic carbon atom. 


v v 
“es i “ə 
6... @ o 
s © @® @ 
Ò v 
v @ @ 
neral 


Functional Groups 
3.23 Identify the functional groups in each molecule. 


H 
o H a 
HO CH3 
a. rls c. e. oO N <en 
omonoo t o 


H 
CH,—C—H F a ee 
j ibuprofen penicillin G 
CH2N(CHg)2 (analgesic) (an antibiotic) 
Darvon 
(analgesic) 
NH» 
b, d. OH f. 
COH a, H || _ o 
pregabalin W fo} o 
Trade name: Lyrica histrionicotoxin pyrethrin I 
(used in treating chronic pain) (poison secreted by a (potent insecticide 


South American frog) from chrysanthemums) 


3.24 Draw the seven constitutional isomers having molecular formula C4H4 0. Identify the functional group in each isomer. 


3.25 Identify each functional group located in the following rings. Which structure represents a lactone—a cyclic ester—and which 
represents a lactam—a cyclic amide? 


O 
ie) 


3.26 Draw seven constitutional isomers with molecular formula C3HgO. that contain a carbonyl group. Identify the functional group(s) 
in each isomer. 
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Intermolecular Forces 


3.27 What types of intermolecular forces are exhibited by each compound? 


O ọ 
~ 
a. OH b. OCH; c. || F d. 
N 


3.28 Rank the compounds in each group in order of increasing strength of intermolecular forces: 
a. CH3NH2, CH3CH3, CHCl c. (CHs)2C = C(CHa)2, (CH3)2CHCOOH, (CHz)s>CHCOCH 3 
b. CH3Br, CH3I, CH3Cl d. NaCl, CHOH, CH3Cl 


3.29 Carboxylic acids (RCOOH) can exist as dimers in some situations, with two molecules held together by two intermolecular 


hydrogen bonds. Show how two molecules of acetic acid (CH3;COzH), the carboxylic acid present in vinegar, can hydrogen 
bond to each other. 


3.30 Intramolecular forces of attraction are often important in holding large molecules together. For example, some proteins fold into 
compact shapes, held together by attractive forces between nearby functional groups. A schematic of a folded protein is drawn 
here, with the protein backbone indicated by a blue-green ribbon, and various appendages drawn dangling from the chain. 
What types of intramolecular forces occur at each labeled site (A-F)? 


helical 
structure 


Physical Properties 


3.31 (a) Draw four compounds with molecular formula CgH;20, each containing at least one different functional group. (b) Predict 
which compound has the highest boiling point, and explain your reasoning. 
3.32 Rank the compounds in each group in order of increasing boiling point. 
a. CH3(CHa)4I, CH3(CHa)sI, CH3(CHə)sI 
b. CH3CH2CH2NH3, (CHa)3N, CH3CH2CH2CH3 
c. (CHs)sCOC(CHs)3, CH3(CH2)30(CH2)sCH3, CH3(CH2)7OH 


d oes ge gy a gy ain ale i 


D 


Og a 


3.33 
3.34 


3.35 


3.36 


3.37 


3.38 


3.39 


3.40 


3.41 


Explain why CH3CH2,NHCH; has a higher boiling point than (CH3)3N, even though they have the same molecular weight. 
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Menthone and menthol are both isolated from mint. Explain why menthol is a solid at room temperature but menthone is a liquid. 


"i ae nie 


menthol 


menthone 


Rank the compounds in each group in order of increasing melting point. 


Tor o” 


Explain the observed trend in the melting points for four isomers of molecular formula C7H4¢. 


a. (CH3)2CHOH, (CH3)3CH, (CHs3)20 = O 
b. CHs3F, CH3Cl, CHaI 


mp (°C) 
CHgCH,CH2CH(CH3)CH2CH, -119 
CH3CH2CH2CH,CH(CHg)2 -118 
CH3CH,CH,CH,CH2CH2CH3 -91 
(CH3)2CHC(CH,)3 -25 


Explain why benzene has a lower boiling point but much higher melting point than toluene. 


Chs toluene 
bp =111 °C 
mp = -93 °C 


Rank the compounds in each group in order of increasing water solubility. 
a. (CH3)3CH, CH3OCH2CH3, CH3CH2CH2CH3, CH3CH2CH2OH 


benzene 
bp = 80 °C 
mp =5 °C 


Which of the following molecules can hydrogen bond to another molecule of itself? Which can hydrogen bond with water? 


a. CBr3CHg c. CH3;0CH3 
b. CHNH2 d. (CH3CH3)N 


1-butanol has a much higher boiling point. 


and 


e. CHCH2CH2CONH,; 
f. CHsCHsCH2Cl 


Explain why diethyl ether (CH3CH2zO0CH2CHs) and 1-butanol (CH3CH2CH2CH2OH) have similar solubility properties in water, but 


Predict the water solubility of each of the following organic molecules: 


oO CH, 
CHa, N 
so A I? 
fe) N N 
CH3 
caffeine 


(stimulant in coffee, tea, 
and many soft drinks) 


OH 


| 


CH0 
mestranol 
(component in oral contraceptives) 


d. 


h. CH3CH:COOCH; 


OH 
HO 
HO OH 
HO ie) 
ie) 
HO OH OH 
sucrose 
(table sugar) 
OH 
f -u S 


carotatoxin 
(neurotoxin isolated from carrots) 
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Applications 
3.42 Predict the solubility of each of the following vitamins in water and in organic solvents: 
CH3 CHOH 
HO HOCH, s -OH 
j CH ii 2 n’ CH 
7 CH3 Ch CHa CH, a 
CH3 pyridoxine 
vitamin E vitamin Be 


3.43 Avobenzone and dioxybenzone are two commercial sunscreens. Using the principles of solubility, predict which sunscreen is 
more readily washed off when an individual goes swimming. Explain your choice. 


O ọỌ OH Ọ OH 
enol 
CHO C(CHs)s a 


avobenzone dioxybenzone 


OCH, 


3.44 Poly(ethylene glycol) (PEG) and poly(vinyl chloride) (PVC) are examples of polymers, large organic molecules composed 
of repeating smaller units covalently bonded together. Polymers have very different properties depending (in part) on their 
functional groups. Discuss the water solubility of each polymer and suggest why PEG is used in shampoos while PVC is used 
to make garden hoses and pipes. Synthetic polymers are discussed in detail in Chapters 15 and 31. 


PB Py Dr ; Sy 


poly(ethylene glycol) poly(vinyl chloride) 
PEG PVC 


3.45 THC is the active component in marijuana, and ethanol is the alcohol in alcoholic beverages. Explain why drug screenings are 
able to detect the presence of THC but not ethanol weeks after these substances have been introduced into the body. 
CH3 


oe. 


(> CH3CH»—OH 
CH, o (CHp)4CHg ethanol 


tetrahydrocannabinol 
THC 


3.46 Cocaine is a widely abused, addicting drug. Cocaine is usually obtained as its hydrochloride salt (cocaine hydrochloride) but 
can be converted to crack (the neutral molecule) by treatment with base. Which of the two compounds here has a higher 
boiling point? Which is more soluble in water? How does the relative solubility explain why crack is usually smoked but cocaine 
hydrochloride is injected directly into the bloodstream? 


CH; H, CH3 
:N . "N 
COOCH; cl COOCH; 
p p 
H O-C H O-C 
cocaine (crack) cocaine hydrochloride 


neutral organic molecule a salt 
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3.47 Unlike soap, which is ionic, some liquid laundry detergents are neutral molecules. Explain how each of the following molecules 
behaves like soap and cleans away dirt. 


N(CH CHOH) 
a. b. i ge 
disi a | I 


O(CH2CH20),H 
n=7 t013 


3.48 Many drugs are sold as their hydrochloride salts (RəNH2* CI), formed by reaction of an amine (RNH) with HCI. 


wiser 


acebutolol 


a. Draw the product (a hydrochloride salt) formed by reaction of acebutolol with HCI. Acebutolol is a B blocker used to treat 
high blood pressure. 


b. Discuss the solubility of acebutolol and its hydrochloride salt in water. 
c. Offer a reason as to why the drug is marketed as a hydrochloride salt rather than a neutral amine. 


Reactivity of Organic Molecules 


3.49 Label the electrophilic and nucleophilic sites in each molecule. 


a ee e. CHOH 


died 
SQ Q 
A H i A S 


3.50 By using only electron density arguments, determine whether the following reactions will occur: 


—— sO) + — 
. OXR + -N — aa 4 o = 
o) 

Il 


C. CHa“ CH, + CHs —> 


Cell Membrane 


3.51 The composition of a cell membrane is not uniform for all types of cells. Some cell membranes are more rigid than others. 
Rigidity is determined by a variety of factors, one of which is the structure of the carbon chains in the phospholipids that 
comprise the membrane. One example of a phospholipid was drawn in Section 3.7A, and another, having C-C double bonds 
in its carbon chains, is drawn here. Which phospholipid would be present in the more rigid cell membrane and why? 


Q 
CH,-O N 
H-C—O 
10] 
+ il fe) 
(CH3) NCH2CH2—-0-P-0-0H 
o 


a phospholipid with x bonds in the long hydrocarbon chains 
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General Question 


3.52 Vancomycin is a useful antibiotic for treating infections in cancer patients on chemotherapy and renal patients on dialysis. 
Unlike mammalian cells, bacterial cells are surrounded by a fairly rigid cell wall, which is crucial to the bacterium’s survival. 
Vancomycin kills bacteria by interfering with their cell wall synthesis. 

a. How many amide functional groups are present in vancomycin? 


b. Which OH groups are bonded to sp? hybridized carbon atoms and which are bonded to sp? hybridized carbons? 
c. Would you expect vancomycin to be water soluble? Explain. 
d. Which proton is the most acidic? 
e. Label three different functional groups capable of hydrogen bonding. 
NH, OH 
HO HO 
OH 
(0) 
oO (0) 
O Cl 
(6) fe) | 
OH 
i N ii NHCH 
N N N a 
O oe o ” 
HN 
(6) 
vancomycin 


Challenge Problems 


3.53 Although diethyl ether and tetrahydrofuran are both four-carbon ethers, one compound is much more water soluble than the 
other. Predict which compound has higher water solubility and offer an explanation. 


ia C> 


diethyl ether tetrahydrofuran 
3.54 Answer the following questions by referring to the ball-and-stick model of fentanyl, a potent narcotic analgesic used in surgical 
procedures. 
ò i a. Identify the functional groups. 
- 2 w 2 "a Eg b. Label the most acidic proton. 
=A e o 8s e @ e © c. Label the most basic atom. 
JY o d Po vo @ @ “ d. What types of intermolecular forces are present between two molecules 
>o © ~ @ of fentanyl? 
@_®@ . e. Draw an isomer predicted to have a higher boiling point. 
se” f. Which sites in the molecule can hydrogen bond to water? 
e 


g. Label all electrophilic carbons. 
fentanyl 
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3.55 Explain why A is less water soluble than B, even though both compounds have the same functional groups. 
OH OH 


CHO 


3.56 Recall from Section 1.10B that there is restricted rotation around carbon-carbon double bonds. Maleic acid and fumaric acid 
are two isomers with vastly different physical properties and pK, values for loss of both protons. Explain why each of these 
differences occurs. 


H H HOOC H 
\ / ~Y / 
eae poe 
HOOC COOH H COOH 
maleic acid fumaric acid 

mp (°C) 130 286 
solubility (g/L) in H20 at 25 °C 788 7 
PKai 1.9 3.0 


PKaz 6.5 4.5 


4.1 Alkanes—An introduction 
4.2  Cycloalkanes 


4.3 An introduction to 
nomenclature 


4.4 Naming alkanes 

4.5 Naming cycloalkanes 
4.6 Common names 

4.7 Fossil fuels 


4.8 Physical properties 
of alkanes 


4.9 Conformations of acyclic 
alkanes—Ethane 


4.10 Conformations of butane 


4.11 An introduction to 
cycloalkanes 


4.12 Cyclohexane 

4.13 Substituted cycloalkanes 
4.14 Oxidation of alkanes 
4.15 Lipids—Part 1 
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Alkanes 


Alkanes, the simplest hydrocarbons, are found in all shapes and sizes and occur widely in 
nature. They are the major constituents of petroleum, a complex mixture of compounds 
that includes hydrocarbons such as hexane and decane. Crude petroleum spilled into the 
sea from a ruptured oil tanker creates an insoluble oil slick on the surface. Petroleum is 
refined to produce gasoline, diesel fuel, home heating oil, and a myriad of other useful 
compounds. In Chapter 4, we learn about the properties of alkanes, how to name them 
(nomenclature), and oxidation—one of their important reactions. 


Secretion of undecane by 

a cockroach causes other 
members of the species to 
aggregate. Undecane is a 
pheromone, a chemical 
substance used for 
communication in an animal 
species, most commonly an 
insect population. 


Cyclohexane is one component 
of the mango, the most widely 
consumed fruit in the world. 
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In Chapter 4, we apply the principles of bonding, shape, and reactivity discussed in Chapters 1-3 
to our first family of organic compounds, the alkanes. Because alkanes have no functional group, 
they are much less reactive than other organic compounds, and for this reason, much of Chapter 4 
is devoted to learning how to name and draw them, as well as to understanding what happens when 
rotation occurs about their carbon-carbon single bonds. 


Studying alkanes also provides an opportunity to learn about lipids, a group of biomolecules 
similar to alkanes, in that they are composed mainly of nonpolar carbon-carbon and carbon- 
hydrogen o bonds. Section 4.15 serves as a brief introduction only, so we will return to lipids in 
Chapters 10 and 30. 


Alkanes—An Introduction 


Recall from Section 3.2 that alkanes are aliphatic hydrocarbons having only C-C and C-H o 
bonds. Because their carbon atoms can be joined together in chains or rings, they can be categorized 
as acyclic or cyclic. 


e Acyclic alkanes have the molecular formula C,,Hz, + 2 (where n = an integer) and contain 
only linear and branched chains of carbon atoms. They are also called saturated 
hydrocarbons because they have the maximum number of hydrogen atoms per carbon. 


e Cycloalkanes contain carbons joined in one or more rings. Because their general 
formula is C,,H2,, they have two fewer H atoms than an acyclic alkane with the same 
number of carbons. 

Undecane and cyclohexane are two naturally occurring alkanes. 


An acyclic alkane | 


-TETT F, 
@ Qo (E) bA 


| A cycloalkane | 


@ A 


ef d? wt g? ef 
undecane cyclohexane 
C11H24 CeH12 


41A Acyclic Alkanes Having One to Five C Atoms 


Structures for the two simplest acyclic alkanes were given in Chapter 1. Methane, CH4, has a 
single carbon atom, and ethane, CH3CHs, has two. All C atoms in an alkane are surrounded by 
four groups, making them sp? hybridized and tetrahedral, and all bond angles are 109.5°. 


H 109 pm 


H 
| | % “\109.5° 
CH, = H-O-H Ben J r 
methane H H Ng i 
Lewis structure 3-D representation ball-and-stick model 
H H 
H l \ 5H < 
CHCH, = H-C—C—H sere g” 
ethane koj Hf \ 7) 
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To draw the structure of an 
alkane, join the carbon atoms 
together with single bonds, and 
add enough H atoms to make 
each C tetravalent. 


Problem 4.1 


The molecular formulas for 
methane, ethane, and propane 
fit into the general molecular 
formula for an alkane, C,Hoy + 2: 
e Methane = CH, = CHa) +2 

e Ethane = CoH, = C2H2 +2 

° Propane = CHa = CHa) +2 


The three-carbon alkane CH3;CH,CH;, called propane, has molecular formula C3Hg. Each car- 
bon in the three-dimensional drawing has two bonds in the plane (solid lines), one bond in front 
(on a wedge), and one bond behind the plane (on a dashed line). 


HH HH 
HHH ayy 3 2 
CHaCHəCHs = = H-C—C—C—-H yeg h _*® 6, 
propane HHH “| 
HH 
Lewis structure 3-D representation ball-and-stick model 


Three components of the sex pheromone of the female sand bee (Ophrys sphegodes) are 
saturated hydrocarbons containing 23, 25, and 27 carbon atoms. How many H atoms does each 
of these alkanes contain? Interestingly, the early spider orchid emits a similar hydrocarbon mixture 
to attract male sand bees to pollinate its flowers. 


The three-dimensional representations and the ball-and-stick models for these alkanes indi- 
cate the tetrahedral geometry around each carbon atom. In contrast, the Lewis structures are 
not meant to imply any three-dimensional arrangement. Moreover, in propane and higher 
molecular weight alkanes, the carbon skeleton can be drawn in a variety of different ways and 
still represent the same molecule. 


H H H H 
H+C—C-C-+H = H-G—C--H 
H HH An C-H 
H 
3 C's in a row 3 C’s with a bend 


For example, the three carbons of propane can be drawn in a horizontal row or with a bend. These 
representations are equivalent. If you follow the carbon chain from one end to the other, you 
move across the same three carbon atoms in both representations. 


¢ The bends in a carbon chain don’t matter when it comes to identifying different 
compounds. 


There are two different ways to arrange four carbons, giving two compounds with molecular 
formula C,Hj9, named butane and 2-methylpropane (or isobutane). 


a =  CH3CHCH;CH3 CHj—G—CH, = ala 


2 4% j Ye 
butane 2-methylpropane 


(or isobutane) 


4 C's ina row 3 C’s in a row with a one-carbon branch 
straight-chain alkane j _ branched-chain alkane 
i = cal] 


Butane and 2-methylpropane are isomers, two different compounds with the same molecular 
formula (Section 1.5). They belong to one of the two major classes of isomers called con- 
stitutional or structural isomers. The two isomers discussed in Section 1.5, CHOCH; and 
CH3CH,0OH, are also constitutional isomers. We will learn about the second major class of iso- 
mers, called stereoisomers, in Section 4.13B. 


e Constitutional isomers differ in the way the atoms are connected to each other. 


Butane, which has four carbons in a row, is a straight-chain or normal alkane (an n-alkane). 
2-Methylpropane, on the other hand, is a branched-chain alkane. 
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With alkanes having more than four carbons, the names of the straight-chain isomers are system- 
atic and derive from Greek roots: pentane for five C atoms, hexane for six, and so on. There are 
three constitutional isomers for the five-carbon alkane, each having molecular formula C;H),: 
pentane, 2-methylbutane (or isopentane), and 2,2-dimethylpropane (or neopentane). 


or g 
CH3CH2CH2CH2CH3 CHs—G—CH2CHg CHy—C—CHg 
H CH 
pentane 2-methylbutane 2,2-dimethylpropane 
(isopentane) (neopentane) 


Problem 4.2 Which of the following is not another representation for 2-methylbutane? 


H 
| 
a. CHCH—C-CH; c. CH3CH2CH(CH3)2 e. 
A db d 
Y yy 
H—C—CH H—-C-——C—H 
b i 3 | f. CHgCH(CH,)CH,CH, 
CHa—Ç—CH; CHy—C-H CHa 
H H 


Carbon atoms in alkanes and other organic compounds are classified by the number of other 
carbons directly bonded to them. 


» A primary carbon (1° carbon) is bonded to one other C atom. 

e Asecondary carbon (2° carbon) is bonded to two other C atoms. 
e A tertiary carbon (3° carbon) is bonded to three other C atoms. 

ə A quaternary carbon (4° carbon) is bonded to four other C atoms. 


Classification of carbon atoms | Example | 

Cc S; c CH3 CHa 

Lec Fe i Fe che-c CHsCH»—C—C=CH 
T | Ca Ug 

1° carbon 4° carbon 


1° carbon 2° carbon 3° carbon 4° carbon 2° carbon 3° carbon 


Hydrogen atoms are classified as primary (1°), secondary (2°), or tertiary (3°) depending on 
the type of carbon atom to which they are bonded. 


» A primary hydrogen (1° H) is on a C bonded to one other C atom. 
e A secondary hydrogen (2° H} is on a C bonded to two other C atoms. 
e A tertiary hydrogen (3° H) is on a C bonded to three other C atoms. 


Classification of hydrogen atoms | Example 


1°H 
C C | mi <—3°H 

| H-C+C HCC H-C-+C CHsCHy—C—CH, 

aR n ; T buy 


1° H 2 H 3 H 2° H 
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Sample Problem 4.1 


Problem 4.3 


Problem 4.4 


Bilobalide is obtained from 
Ginkgo biloba, the oldest seed- 
producing plant that currently 
lives on earth. Extracts from 
the leaves, roots, bark, and 
seeds of the ginkgo tree 

have been used in traditional 
Chinese medicine and currently 
comprise the most widely 
taken herbal supplements. 


The suffix -ane identifies a 
molecule as an alkane, 


Problem 4.5 


Problem 4.6 


Problem 4.7 
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(a) Classify the designated carbon atoms as 1°, 2°, 3°, or 4°. (b) Classify the designated hydrogen 
atoms as 1°, 2°, or 3°. 


z CH; CHCH 
[1] CHs-7C-CH;CH;CH; 2] w 
i CH3 ha 
HH <— 
Solution 
[1] 1° CCH, [2] CHCH; 
e | 
CH3 ¢ CH CH2CH3 3 rei 
š CH3 3° H 
42°C 2C 
HH<— 2 H 


(a) Classify the carbon atoms in each compound as 1°, 2°, 3°, or 4°. (b) Classify the hydrogen 
atoms in each compound as 1°, 2°, or 3°. 


[1] CH3CHsCH,CH, [2] (CH3)3CH [3] [4] 


Classifying a carbon atom by the number of carbons to which it is bonded can also be done in 
more complex molecules that contain heteroatoms. Classify each sp? hybridized carbon atom in 
bilobalide, a compound isolated from Ginkgo biloba extracts, as 1°, 2°, 3°, or 4°. 


O 
O oO 


OH 
HO 


bilobalide 


4.1B Acyclic Alkanes Having More Than Five C Atoms 


The maximum number of possible constitutional isomers increases dramatically as the number of 
carbon atoms in the alkane increases, as shown in Table 4.1. For example, there are 75 possible 
isomers for an alkane having 10 carbon atoms, but 366,319 possible isomers for one having 20 
carbons. 


Each entry in Table 4.1 is formed from the preceding entry by adding a CH) group. A CH, group 
is called a methylene group. A group of compounds that differ by only a CH, group is called 
a homologous series. The names of all alkanes end in the suffix -ane, and the syllables preceding 
the suffix identify the number of carbon atoms in the chain. 


Draw the five constitutional isomers having molecular formula CgH,4. 


Draw the structure of an alkane with molecular formula C7H,, that contains (a) one 4° carbon; 
(b) only 1° and 2° carbons; (c) 1°, 2°, and 3° hydrogens. 


Considering compounds A-C, which two structures represent the same compound? 


dash, 


A B Cc 


CH3(CH2)3CH(CHs3)2 CH3CH,CH(CH3)CHsCH,CH, 


Table 4.1 Summary: Straight-Chain Alkanes 


Molecular 
formula 


Number of 
C atoms 

1 CH, 
CoH, 
CHa 
Caio 
CsHi2 
CeH44 
C7Hi6 
CeHig 


o N Oa BW PY 


4.2 


Garlic has been a valued 
commodity throughout history. 
It has been used in Chinese 
herbal medicine for more 

than 4000 years, as a form 

of currency in Siberia, and 

as a repellent for witches by 
the Saxons. Today it is used 
as a dietary supplement 
because of its reported health 
benefits. Allicin, the molecule 
responsible for garlic’s odor, is 
a rather unstable molecule that 
is not stored in the garlic bulb, 
but instead is produced by the 
action of enzymes when the 
bulb is crushed or bruised. 
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an — 


Number of Number of 
Name constitutional Number of Molecular Name constitutional 
{n-alkane) isomers C atoms formula (n-aikane) isomers 
methane — 9 CoH20 nonane 35 
ethane — 10 C10H22 decane 75 
propane — 11 C11H24 undecane 159 
butane 2 12 C2H6 dodecane 355 
pentane 3 13 CigHog tridecane 802 
hexane 5 14 C14H30 tetradecane 1858 
heptane 9 15 CysH30 pentadecane 4347 
octane 18 20 CagHae eicosane 366,319 
Cycloalkanes 


Cycloalkanes have molecular formula C,H}, and contain carbon atoms arranged in a ring. 
Think of a cycloalkane as being formed by removing two H atoms from the end carbons of a 
chain, and then bonding the two carbons together. Simple cycloalkanes are named by adding the 
prefix cyclo- to the name of the acyclic alkane having the same number of carbons. 


Cycloalkanes having three to six carbon atoms are shown in the accompanying figure. They are 
most often drawn in skeletal representations. 


A, H a4 


cyclopropane cyclobutane cyclopentane 
C3He C4Hg CsH10 


A O é 


Problem 4.8 Draw the five constitutional isomers that have molecular formula C5H;, and 
contain one ring. 


cyclohexane 
CeHi0 


b 


4.3 An introduction to Nomenclature 


How are organic compounds named? Long ago, the name of a compound was often based on the 
plant or animal source from which it was obtained. For example, the name for formic acid, a 
caustic compound isolated from certain ants, comes from the Latin word formica, meaning ant; 
and allicin, the pungent principle of garlic, is derived from the botanical name for garlic, Allium 
sativum. Other compounds were named by their discoverer for more personal reasons. Adolf von 
Baeyer supposedly named barbituric acid after a woman named Barbara, although speculation 
continues on Barbara’s identity—a lover, a Munich waitress, or even St. Barbara. 


O 
o o HN 
G § Z j 
H~ “OH BOL oe" se HN 
ie) 
formic acid allicin barbituric acid 


(obtained from certain ants) (odor of garlic) (named for Barbara whom?) 
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4.4 


With the isolation and preparation of thousands of new organic compounds it became clear that 
each organic compound must have an unambiguous name, derived from a set of easily remem- 
bered rules. A systematic method of naming compounds was developed by the International 
Union of Pure and Applied Chemistry. It is referred to as the IUPAC system of nomenclature; 
how it can be used to name alkanes is explained in Sections 4.4 and 4.5. 


The IUPAC system of nomenclature has been regularly revised since it was first adopted in 1892. 
Revisions in 1979 and 1993 and recent extensive recommendations in 2004 have given chemists 
a variety of acceptable names for compounds. Many changes are minor. For example, the 1979 
nomenclature rules assign the name 1-butene to CH, =CHCH,CH;, while the 1993 rules assign 
the name but-1-ene; that is, only the position of the number differs. In this text, the most generally 
used IUPAC conventions will be given, and often a margin note will be added to mention the 
differences between past and recent recommendations. 


Naming organic compounds has become big business for drug companies. The IUPAC name of 
an organic compound can be long and complex, and may be comprehensible only to a chemist. 
As a result, most drugs have three names: 


¢ Systematic: The systematic name follows the accepted rules of nomenclature and indicates 
the compound’s chemical structure; this is the IUPAC name. 

e Generic: The generic name is the official, internationally approved name for the drug. 

e Trade: The trade name for a drug is assigned by the company that manufactures it. Trade 
names are often “catchy” and easy to remember. Companies hope that the public will con- 
tinue to purchase a drug with an easily recalled trade name long after a cheaper generic 
version becomes available. 


In the world of over-the-counter anti-inflammatory agents, the compound a chemist calls 
2-[4-(2-methylpropyl)phenyl]propanoic acid has the generic name ibuprofen. It is marketed 
under a variety of trade names including Motrin and Advil. 


COOH 
Systematic name: 2-[4-(2-methyipropyl)phenyl]propanoic acid 
Generic name: ibuprofen 
Trade name: Motrin or Advil 


Naming Alkanes 
The name of every organic molecule has three parts. 


e The parent name indicates the number of carbons in the longest continuous carbon chain in 
the molecule. 


e The suffix indicates what functional group is present. 
e The prefix reveals the identity, location, and number of substituents attached to the carbon 


chain. 
prefix + l parent | + l suffix | 


| What is the longest carbon chain? 
What and where What is the functional group? 
are the substituents? 


The names listed in Table 4.1 of Section 4.1B for the simple n-alkanes consist of the parent 
name, which indicates the number of carbon atoms in the longest carbon chain, and the suffix 


4.4A 


The prefix iso- is part of 

the words propyl and butyl, 
forming a single word: 
isopropyl and isobutyl. The 
prefixes sec- and tert- are 
separated from the word buty/ 
by a hyphen: sec-butyl and 
tert-butyl. 


The prefix sec- is short for 
secondary. A sec-butyl group 
is formed by removal of a 

2° H. The prefix tert- is short 
for tertiary. A tert-butyl group is 
formed by removal of a 3° H. 


Abbreviations are sometimes 
used for certain common alkyl 
groups. 

Alkyl group (abbreviation) 

e methyl (Me) 

e ethyl (Et) 

e butyl (Bu) 

e tert-butyl (t-Bu) 
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-ane, which indicates that the compounds are alkanes. The parent name for one carbon is meth-, 
for two carbons is eth-, and so on. Thus, we are already familiar with two parts of the name of 
an organic compound. 


To determine the third part of a name, the prefix, we must learn how to name the carbon groups 
or substituents that are bonded to the longest carbon chain. 


Naming Substituents 


Carbon substituents bonded to a long carbon chain are called alkyl groups. 
e An alkyl group is formed by removing one hydrogen from an alkane. 


An alkyl group is a part of a molecule that is now able to bond to another atom or a functional 
group. To name an alkyl group, change the -ane ending of the parent alkane to -yl. Thus, 
methane (CH,) becomes methyl (CH3;—) and ethane (CH3;CH3) becomes ethyl (CH;CH»—). As 
we learned in Section 3.1, R denotes a general carbon group bonded to a functional group. R thus 
denotes any alkyl group. 


Naming three- and four-carbon alkyl groups is more complicated because the parent hydrocar- 
bons have more than one type of hydrogen atom. For example, propane has both 1° and 2° H 
atoms, and removal of each of these H atoms forms a different alkyl group with a different name, 
propyl or isopropyl. 


[ie H' | remove a 1° H - 
Lt S CH,CH,CH,—, propyl! group | 
CH3CH2CH3 


= 
| 2° H's 


propane 


H 
l 
CHs—C-CHs| isopropyl group | 
H 


Because there are two different butane isomers to begin with, each having two different kinds of H 
atoms, there are four possible alkyl groups containing four carbon atoms, each having a different 
name: butyl, sec-butyl, isobutyl, and tert-butyl. 


remove a 2° 


From butane: 
remove a 1° H 


CH,CH,CH,CH»— butyl group | 


CHgCH,CH,CH, 


2° H's 


H 
| — ; 
i a il sec-butyl group | 


remove a 2° H 


From 2-methylpropane: 


o CH 
= remove a 1° H 3 
1 1° H's | CHy—C—CH,— isobutyl group 
I 
y y 
CH,—C—CH, 
bad rg : 
In is So = | tert-butyl grou 
remove a 3° H CH3 f Chs tyligroup 


The names isopropyl, sec-butyl, isobutyl, and tert-butyl are recognized as acceptable substituent 
names in both the 1979 and 1993 revisions of IUPAC nomenclature. A general method to name 
these substituents, as well as alkyl groups that contain five or more carbon atoms, is described 
in Appendix B. 
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4.4B Naming an Acyclic Alkane 


Four steps are needed to name an alkane. In the following examples, only the C atoms of the 
carbon skeleton are drawn. Remember each C has enough H atoms to make it tetravalent. 


How To Name an Alkane Using the IUPAC System 


Step [1] Find the parent carbon chain and add the suffix. 


e Find the longest continuous carbon chain, and name the molecule by using the parent name for that number of carbons, 
given in Table 4.1. To the name of the parent, add the suffix -ane for an alkane. Each functional group has its own 
characteristic suffix. 


Correct Incorrect 

ee 

C C KA 

f: = z ee eel 
| C-C-C-C-C-¢-c-C | G-C-C-C-C-C-C-C 
= 
t * for 

8 atoms in the longest chain 7 atoms in the longest chain 


8 C's --> octane 


e Finding the longest chain is just a matter of trial and error. Place your pencil on one end of the chain, go to the other end 
without picking it up, and count carbons. Repeat this procedure until you have found the chain with the largest number 
of carbons. 

e It does not matter if the chain is straight or has bends, All of the following representations are equivalent. 


; OF omy fa 
c C l C-C-C-C-C-C C=C 
 c-ċ-0-0-ċ-Ç-0-C | = ~ = c-cefe-c-6 
eeta +4 fies 


8 C's in the longest chain of each representation = 
e |f there are two chains of equal length, pick the chain with more substituents. In the following example, two different 


chains in the same alkane contain 7 C’s, but the compound on the left has two alkyt groups attached to its long chain, 
whereas the compound to the right has only one. 


Example: Having two different longest chains of the same length | 


substituent —> C Ç a 
;. C-C-C-C-C-C-C < longest chain C—C~—C-—C—C-—C-—C |< longest chain 
|_______] |.. ——___——] 
K «<— substituent substituent q | 
7 atoms in the longest chain 7 atoms in the longest chain 
2 substituents only 1 substituent 
more substituents fewer substituents 


Correct Incorrect 


4.4 Naming Alkanes 129 


Step [2] Number the atoms in the carbon chain. 
e Number the longest chain to give the first substituent the lower number. 
Correct Incorrect 


| Start numbering here. 


C C 3 
| l 
ban lela) 
_C-C-C-C-C-C-C-C | | C-C-c-c-C-C-C-C | 
tl cC | j C f 
123 45 67 8 8765435 21 
first substituent at C2 first substituent at C3 


e If the first substituent is the same distance from both ends, number the chain to give the second substituent the lower 
number. Always look for the first point of difference in numbering from each end of the longest chain. 


| Example: Giving a lower number to the second substituent 


Numbering from /eft to right Numbering from right to left 
e O 
| c-ċ-c-c-¢-c | | c-6-c-c-¢-c | 
need Oey EES pes ji 
peA T JAE | 
i 2 35 5 4 3 2 1 
CH; groups at C2, C3, and C5. CH; groups at C2, C4, and C5. 
The second substituent has a lower number, higher number 
Correct Incorrect 


e When numbering a carbon chain results in the same numbers from either end of the chain, assign the lower number 
alphabetically to the first substituent. 


| Example: Two different groups equidistant from the ends 


Numbering from /eft to right Numbering from right to left 
1.2 p 3.4 5 6 7 % 65.4.3 2 4 
| C-C-C-C-—C-C-C C-—C-—C—C—C-C-C 
t —— — | 
Cc C (o C «— methyl 
ethyl —~7 | 
group Č C group 
ethyl at C3 e methyl at C3 
e methyl at C5 e ethyl! at C5 


Earlier letter —> lower number 


Correct Incorrect 


Step [3] Name and number the substituents. 


e Name the substituents as alkyl groups, and use the numbers from Step 2 to designate their location. 


methyl at C2 
l F <— ethyl at C5 
ee EE oe] 
+t C- C-A C-O This molecule has three substituents 
longestenaln is e £ =e 5 Ç C-C | bonded to the longest carbon chain. 
ec's i. a S 
octane 12 5 | 8 
methyl at C6 


—Continued 
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How To, continued 


e Every carbon belongs to either the longest chain or a substituent, but not both. 

e Each substituent needs its own number. 

e |f two or more identical substituents are bonded to the longest chain, use prefixes to indicate how many: di- for two 
groups, tri- for three groups, tetra- for four groups, and so forth. The preceding molecule has two methyl substituents, 
and so its name contains the prefix di- before the word methyl > dimethyl. 
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Step [4] Combine substituent names and numbers + parent + suffix. 


e Precede the name of the parent by the names of the substituents. 

e Alphabetize the names of the substituents, ignoring all prefixes except iso, as in isopropyl and isobutyl. 

e Precede the name of each substituent by the number that indicates its location. There must be one number for each 
substituent. 

e Separate numbers by commas and separate numbers from letters by hyphens. The name of an alkane is a single word, 
with no spaces after hyphens or commas. 


[1] Identify all the pieces of a compound, [2] Then, put the pieces of the name together. 


using Steps 1-3. a 1 
| 5-ethyl | 


Ge- ethyl at C5 


substituent names 
and numbers 


5-ethyl-2,6-dimethyl A | oct | 
<—8C’s 


octane ft t j 


ot 
ma tt +c } S l 
 2,6-dimethy! | 1 2 5 ! 8 soa 8 C's 
| methyl at C6 m for methyl 


Each methyl group needs its own number. 


+ parent + suffix 


an alkane 


methyl at C2 


Answer: 5-ethyl-2,6-dimethyloctane 


Several additional examples of alkane nomenclature are given in Figure 4.1. 


Figure 441 
Gra çho 
CHaCH2-G—G-CH, 
H H 
2,3-dimethylpentane 


Number to give the 15t methyl group 
the lower number. 


Examples of alkane 
nomenclature 


4-ethyl-5-methyloctane 


Assign the lower number to the 1°! substituent 
alphabetically: the e of ethyl before the m of methyl. 


CHa H 
CHgCH,CHyCHp—O—C—CH,CHg 
CHp CHa 


CH3 


4-ethyl-3,4-dimethyloctane 


Alphabetize the e of ethyl 
before the m of methyl. 


2,3,5-trimethyl-4-propylheptane 


| Pick the long chain with more substituents. | 


e The carbon atoms of each long chain are drawn in red. 
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Sample Problem 4.2 Give the IUPAC name for the following compound. 
Galt pri 
cH, | HH 

CH,CH,CHCHg 
Solution 


To help identify which carbons belong to the longest chain and which are substituents, always 
draw a box around the atoms of the long chain. Every other carbon atom then becomes a 
substituent that needs its own name as an alky! group. 


[H’s on C’s are omitted in the answer, for clarity.] 


Step 1: Name the parent. Step 3: Name and number the substituents. 


6 CFC Ç 


i i |, 
E C C=0+C— c—-C c— methyl at C3 | 


è| ¢-¢-c—6 Fs C 


| 
c —_—_—— 
9 C’s in the longest chain -- -> nonane | tert-butyl at C5 | 


Step 2: Number the chain. Step 4: Combine the parts. 
3 2 1 
K 5 \o-c) <— Start numbering here. è Alphabetize: the b of butyl 
c-cte—c— 6 +¢-— first substituent at C3 before thè nt of methyl 
c (è c-6-6 Answer: 5-tert-butyl-3-methylnonane 
6 7 8 9 


Problem 4.9 Give the IUPAC name for each compound. 


q A 
CHa—C-CH3 CHa—C-CHa  ÇH2CHs 
a. CHsCH,CH,—C—CH,CHsCH;CH, c. CHgCH,CH,—C— CH,CH,-C- CH3 
CHa H ù 
ÇH2CHs ÇH2CH2CH3 
b. H—-C—CHp~CHCHg d. CHs—CHCH,—C—CH, 
CH; — Ch CH, H 


Problem 4.10 Give the IUPAC name for each compound. 


a. (CH3)3CCHCH(CH2CHs)» c. 


b. CHa(CH2)3CH(CH2CH2CH4)CH(CH;3)2 d. 
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Sample Problem 4.3 


Problem 4.11 


Problem 4.12 


4.5 


How To Name a Cycloalkane Using the IUPAC System 


Step [1] 


Find the parent cycloalkane. 
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You must also know how to derive a structure from a given name. Sample Problem 4.3 illustrates 
a stepwise method. 


Give the structure corresponding to the following IUPAC name: 6-isopropyl-3,3,7-trimethyldecane. 


Solution 
Follow three steps to derive a structure from a name. 


Step [1] Identify the parent name and functional group found at the end of the name. 
decane ---> 10C’s -=--> C-—C—C—C-—C—C-—C-—C-C-—C 
Step [2] Number the carbon skeleton in either direction. 
123 45 67 8 9 10 
C—C—C-C-—C—C—-C-—C-C-C 
Step [3] Add the substituents at the appropriate carbons. 
isopropyl group on C6 
| Answer: H 
$ o c-o z ÇH CHs—C—CH, 
Cc t Cc CH3 CH3 
t 6 


two methy! groups on C3 methyl group on C7 


Give the structure corresponding to each IUPAC name. 
a. 3-methylhexane c. 3,5,5-trimethyloctane 
b. 3,3-dimethylpentane d. 3-ethyl-4-methylhexane 


e. 3-ethyl-5-isobutylnonane 


Give the IUPAC name for each of the five constitutional isomers of molecular formula CgH,, in 
Problem 4.5. 


Naming Cycloalkanes 


Cycloalkanes are named by using similar rules, but the prefix cyclo- immediately precedes the 
name of the parent. 


& 


A ring is present. 


prefix + cyclo- + 


| suttix 


parent | + 


How many C's are in the ring? | 
What is the functional group? 


What and where 
are the substituents? 


e Count the number of carbon atoms in the ring and use the parent name for that number of carbons. Add the prefix 
cyclo- and the suffix -ane to the parent name. 


CH 


6 C’s in the ring —— 


cyclohexane CHCH; 
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Step [2] Name and number the substituents. 


e No number is needed to indicate the location of a single substituent. 


qho 
(on Ce-o, 
CH3 
methylcyclohexane tert-butylcyclopentane 


e For rings with more than one substituent, begin numbering at one substituent and proceed around the ring clockwise or 
counterclockwise to give the second substituent the lower number. 


numbering clockwise numbering counterclockwise 
CH, CH, 
Eh. EB. 
CH3 groups at C1 and C3 CHa groups at C1 and C5 
The 24 substituent has a lower number, 
Correct: 1,3-dimethylcyclohexane Incorrect: 1 ,5-dimethylcyclohexane 


e With two different substituents, number the ring to assign the lower number to the substituents alphabetically. 


Begin numbering at the ethyl group. Begin numbering at the methyl group. 
CHCH; CHCH; 
| CH3 CH3 
e ethyl group at C1 e methyl group at C1 
e methyl group at C3 e ethyl group at C3 


= 


_ earlier letter —> lower number 


Correct: 1-ethyl-3-methylcyclohexane Incorrect: 3-ethyl-1-methylcyclohexane 


When an alkane is composed of both a ring and a long chain, what determines whether a com- 
pound is named as an acyclic alkane or a cycloalkane? If the number of carbons in the ring is 
greater than or equal to the number of carbons in the longest chain, the compound is named as 
a cycloalkane, as shown in Figure 4.2. Several examples of cycloalkane nomenclature are given 


in Figure 4,3. 
Figure 4.2 More carbons in the ring More carbons in the chain 
Two contrasting examples— 4 C's in the chain — 6 C's in the chain — 
Naming compounds containing a butyl group a hexane 


both a ring and a long chain of 


mon | | 
| 


6 C's in the ring—cyclohexane 4 C’s in the ring—a cyclobutyl group 


| Name as a cyclohexane with a substituent. | Name as a hexane with a substituent. | 


Answer: butylcyclohexane Answer: 1-cyclobutylhexane 
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Figure 4.3 


Examples of cycloalkane 
nomenclature 


Problem 4.13 


Problem 4.14 


4.6 


S 


dodecahedrane 


CHCH; 


ethylcyclobutane 1-sec-butyl-3-methylcyclohexane 
ith only one substituent. alphabetically: the b of butyl before the m of methyl. 


CH, CH,CH, 
X TEN 
CH, 


CH,CHg 


| No number is needed | | Assign the lower number to the 1 substituent | 
wi 


1,2-dimethylcyclohexane 1,2,4-triethylcyclopentane 


Number to give the 27 CH, group Number to give the 2"? CHCH; group the 
the lower number: 1,2- not 1,6-. lower number: 1,2,4- not 1,3,4- or 1,3,5-. 


Give the IUPAC name for each compound. 
a. On fy. ë SS 
b. d. Or f. 


Give the structure corresponding to each IUPAC name. 

a. 1,2-dimethylcyclobutane d. 1-sec-butyl-3-isopropylcyclopentane 
b. 1,1,2-trimethylcyclopropane e. 1,1,2,3,4-pentamethylcycloheptane 
c. 4-ethyl-1,2-dimethylcyclohexane 


Common Names 


Some organic compounds are identified using common names that do not follow the IUPAC 
system of nomenclature. Many of these names were given to molecules long ago, before the 
TUPAC system was adopted. These names are still widely used. For example, isopentane, an older 
name for one of the C,H, isomers, is still allowed by IUPAC rules, although it is also named 
2-methylbutane. We will follow the IUPAC system except in cases in which a common name is 
widely accepted. 


ie 
Ohi Grats 
H 
isopentane or 2-methylbutane 


In the past several years organic chemists have attempted to synthesize some unusual cycloalkanes 
not found in nature. Dodecahedrane, a beautifully symmetrical compound composed of 12 five- 
membered rings, is one such molecule. It was first prepared at The Ohio State University in 1982. The 
TUPAC name for dodecahedrane is undecacyclo[9.9.0.07°.0°7,0*?2,0° 89% 6.0815 01074 01219 01317]. 
eicosane, aname so complex that few trained organic chemists would be able to identify its structure. 


Figure 4.4 


Common names for some 
polycyclic alkanes 


Natural gas is odorless. The 
smell observed in a gas leak 
is due to minute amounts 

of a sulfur additive such as 
methanethiol, CH3SH, which 
provides an odor for easy 
detection. 


Methane is formed and used 

in a variety of ways. The 

CH, released from decaying 
vegetable matter in New York 
City’s main landfill is used for 
heating homes. CH, generators 
in China convert cow manure 
into energy in rural farming 
towns. 


Figure 4.5 

Refining crude petroleum 
into usable fuel and other 
petroleum products 
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basketane 


churchane 


housane 


cubane 


ay 


For a more comprehensive list of unusual polycyclic alkanes (including windowpane, davidane, 
catenane, propellane, and many others), see Organic Chemistry: The Name Game by Alex Nickon 
and Ernest Silversmith, Pergamon Press, 1987. 


Because these systematic names are so unwieldy, organic chemists often assign a name to a 
polycyclic compound that is more descriptive of its shape and structure. Dodecahedrane is named 
because its 12 five-membered rings resemble a dodecahedron. Figure 4.4 shows the names and 
structures of several other cycloalkanes whose names were inspired by the shape of their carbon 
skeletons. All the names end in the suffix -ane, indicating that they refer to alkanes. 


4.7 Fossil Fuels 


Many alkanes occur in nature, primarily in natural gas and petroleum. Both of these fossil fuels 
serve as energy sources, formed from the degradation of organic material long ago. 


Natural gas is composed largely of methane (60% to 80% depending on its source), with lesser 
amounts of ethane, propane, and butane. These organic compounds burn in the presence of oxy- 
gen, releasing energy for cooking and heating. 


Petroleum is a complex mixture of compounds, most of which are hydrocarbons containing 
1—40 carbon atoms. Distilling crude petroleum, a process called refining, separates it into usable 
fractions that differ in boiling point (Figure 4.5). Most products of petroleum refining provide 


Gases 


a! Boiling point range 
below 20 °C 


Gasoline 
— > 20-200 °C 


Kerosene 
— 175-275 °C 


Fuel oil 


250-400 °C 
Crude oil Lubricating oil 
and vapor are above 350 °C 
preheated. 


Residue (asphalt) 


b. Schematic of a refinery tower. As crude petroleum 
is heated, the lower boiling, more volatile components 
distill first, followed by fractions of progressively higher 
boiling point. 


a. An oil refinery. At an oil refinery, 
crude petroleum is separated into 
fractions of similar boiling point by 
the process of distillation. 
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Barrel of crude oil 


fuel for home heating, automobiles, diesel engines, and airplanes. Each fuel type has a different 
composition of hydrocarbons: 


e gasoline: C5H2 —C12H26 
¢ kerosene: Ci2H265— C 16H34 
e diesel fuel: C15sH32—C18H3g 


Petroleum provides more than fuel. About 3% of crude oil is used to make plastics and other syn- 
thetic compounds including drugs, fabrics, dyes, and pesticides. These products are responsible 
for many of the comforts we now take for granted in industrialized countries. Imagine what life 
would be like without air conditioning, refrigeration, anesthetics, and pain relievers, all products 
of the petroleum industry. 


~x 
petroleum starting materials aoi 
for chemical synthesis (1.25 gal) 


asphalt and road oil (1.3 gal) 

boiler oil (2.9 gal) 

lubricants, waxes, solvents (4.2 gal) 
jet fuel (4.2 gal) 

diesel and home heating oil (8.4 gal) 
gasoline (19.7 gal) 


1 barrel = 42 gal products made from petroleum 


4.8 


The mutual insolubility of 
nonpolar oil and very polar 
water leads to the common 
expression, “Oil and water 
don’t mix.” 


Energy from petroleum is nonrenewable, and the remaining known oil reserves are limited. Given 
our dependence on petroleum, not only for fuel, but also for the many necessities of modern soci- 
ety, it becomes clear that we must both conserve what we have and find alternate energy sources. 


Physical Properties of Alkanes 


Alkanes contain only nonpolar C-C and C-H bonds, and as a result they exhibit only weak 
van der Waals forces. Table 4.2 summarizes how these intermolecular forces affect the physical 
properties of alkanes. 


The gasoline industry exploits the dependence of boiling point and melting point on alkane size 
by seasonally changing the composition of gasoline in locations where it gets very hot in the sum- 
mer and very cold in the winter. Gasoline is refined to contain a larger fraction of higher boiling 
hydrocarbons in warmer weather, so it evaporates less readily. In colder weather, it is refined to 
contain more lower boiling hydrocarbons, so it freezes less readily. 


Because nonpolar alkanes are not water soluble, crude petroleum that leaks into the sea from 
an oil tanker creates an insoluble oil slick on the surface. The insoluble hydrocarbon oil poses a 
special threat to birds whose feathers are coated with natural nonpolar oils for insulation. Because 
these hydrophobic oils dissolve in the crude petroleum, birds lose their layer of natural protection 
and many die. 


Arrange the following compounds in order of increasing boiling point. 
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Table 4.2 Physical Properties of Alkanes _ a 


Property Observation 
Boiling point and e Alkanes have low bp’s and mp’s compared to more polar compounds of comparable size. 
melting point 
CH3CH2CH3 CH,CHO 
VDW VDW, DD 
bp =—42 °C bp = 21°C 
mp = —190 °C mp =—121 °C 


o 


Increasing strength of intermolecular forces 
Increasing boiling point and melting point 


e Bp and mp increase as the number of carbons increases because of increased surface area. 


~CH3CHsCHsCH3 ———- — GHgCHsGH2CH2CH,CHy 
bp =0°C bp = 69 °C 
mp = -138 °C mp =-95 °C 


Increasing surface area 


Increasing boiling point and melting point 


‘ e The bp of isomers decreases with branching because of decreased surface area. 
(CHg)4C (CH3)>CHCH,CH, CH,CH,CH2CH,CH, 
bp = 10°C bp = 30 °C bp = 36 °C 


Ec 


Increasing surface area 
Increasing boiling point 


e Mp increases with increased symmetry. 


CHgCHsCH(CHg)> (CHg)4C 
mp =—160 °C mp =—17 °C 


O > 


Increasing symmetry 
Increasing melting point 


Solubility e Alkanes are soluble in organic solvents. 
e Alkanes are insoluble in water. 


Key: bp = boiling point; mp = melting point; VDW = van der Waals; DD = dipole-dipole; HB = hydrogen bonding 


4.9 Conformations of Acyclic Alkanes—Ethane 


Let’s now take a closer look at the three-dimensional structure of alkanes. The three- 
dimensional structure of molecules is called stereochemistry. In Chapter 4 we examine the 
effect of rotation around single bonds. In Chapter 5, we will learn about other aspects of 
stereochemistry. 


Recall from Section 1.10A that rotation occurs around carbon-carbon o bonds. Thus, the two 
CH; groups of ethane rotate, allowing the hydrogens on one carbon to adopt different orientations 
relative to the hydrogens on the other carbon. These arrangements are called conformations. 
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? | , 
% 3 a rotation a 
t on i 


Rotation occurs here. | 


two different conformations 


| The location of the indicated atom changes with rotation. 


e Conformations are different arrangements of atoms that are interconverted by rotation 
about single bonds. 


Names are given to two different arrangements. 


e In the eclipsed conformation, the C-H bonds on one carbon are directly aligned with 
the C-H bonds on the adjacent carbon. 

e In the staggered conformation, the C-H bonds on one carbon bisect the H- C-H 
bond angle on the adjacent carbon. 


rotate 60° b 
— a, J’ 
v v 
| eclipsed conformation staggered conformation 
i = 4 _ 
The C-H bonds are all aligned. The C—H bonds in front 


bisect the H—C—H bond angles in back. 


Rotating the atoms on one carbon by 60° converts an eclipsed conformation into a staggered 
conformation, and vice versa. These conformations are often viewed end-on—that is, looking 
directly down the carbon-carbon bond. The angle that separates a bond on one atom from a bond 
on an adjacent atom is called a dihedral angle. For ethane in the staggered conformation, the 
dihedral angle for the C—H bonds is 60°. For eclipsed ethane, it is 0°. 


| End-on view: looking directly down the C—C bond | 


0° dihedral angle 
back ai” g +% 60° dihedral angle 


rotate ATOR GUE E 
A Š 


v 


front antl 


_ eclipsed conformation | ` staggered conformation | 


Í 
— 


End-on representations for conformations are commonly drawn using a convention called a 
Newman projection, A Newman projection is a graphic that shows the three groups bonded to 
each carbon atom in a particular C-C bond, as well as the dihedral angle that separates them. 
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How To Draw a Newman Projection iF 


Step [1] Look directly down the C- C bond (end-on), and draw a circle with a dot in the center to represent the carbons 
of the C-C bond. 


en ail e The circle represents the back carbon and the dot represents the front 


carbon. 


J 
@ C in front 


Step [2] Draw in the bonds. 


bonds in front ¢ Draw the bonds on the front C as three lines meeting at the center of the circle, 
e Draw the bonds on the back C as three lines coming out of the edge of the circle. 


bonds in back 


Step [3] Add the atoms on each bond. 


ò | Each C has 3 H's in ethane. | 


Figure 4.6 illustrates the Newman projections for both the staggered and eclipsed conformations 
for ethane. 


Follow this procedure for any C-C bond. With a Newman projection, always consider one 
C-C bond only and draw the atoms bonded to the carbon atoms, not the carbon atoms in 
the bond itself. Newman projections for the staggered and eclipsed conformations of propane 
are drawn in Figure 4.7. 


_ eclipsed conformation | 


Figure 4.6 dihedral angle 
Newman projections for H ae H 
the staggered and eclipsed HI dihedral angle 
: H H o 
conformations of ethane ð 0 
= o] = 
H H H 
H H 
v H e 
staggered conformatlon eclipsed conformation | 
Figure 4.7 H and CH3 
are eclipsed. 
anah i Propane 
projections for | ; , s i i CH 
the staggered Consider rotation at 1 C—C bond. CH, H 3 
and eclipsed H H 
conformations | = = 
of propane ny ee 3 a H H W H H 
Fi H H H 
3 H's 2 H’s and 1 CH3 2 m] 
bonded to this C bonded to this C 


| staggered conformation | 
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Figure 4.8 
Graph: Energy versus 
dihedral angle for ethane 


Draw the staggered and eclipsed conformations that result from rotation around the C-C bond in 
CH- CH Br. 


The staggered and eclipsed conformations of ethane interconvert at room temperature, but each 
conformation is not equally stable. 


e The staggered conformations are more stable (lower in energy) than the eclipsed 
conformations. 


The cause of this stability difference is the subject of some debate in the chemical literature. 
A contributing factor may be increased electron—electron repulsion between the bonds in the 
eclipsed conformation compared to the staggered conformation, where the bonding electrons are 
farther apart. 


“Ree 


| These C—H bonds are farther apart. | These C—H bonds are closer together. 


> 
-a 
A 
staggered conformation eclipsed conformation 
side view side view 
more stable less stable 


The difference in energy between the staggered and eclipsed conformations is 12 kJ/mol 
(2.9 kcal/mol), a small enough difference that the rotation is still very rapid at room temperature, 
and the conformations cannot be separated. Because three eclipsed C-H bonds increase the 
energy of a conformation by 12 kJ/mol, each eclipsed C-H bond results in an increase in energy 
of 4.0 kJ/mol (1.0 kcal/mol). The energy difference between the staggered and eclipsed conforma- 
tions is called torsional energy. Thus, eclipsing introduces torsional strain into a molecule. 


e Torsional strain is an increase in energy caused by eclipsing interactions. 


The graph in Figure 4.8 shows how the potential energy of ethane changes with dihedral angle 
as one CH; group rotates relative to the other. The staggered conformation is the most stable 


sa al eclipsed 
PS PS a 2 + energy maximum 
a N @ © u oa l 


12 kJ/mol 


Energy 


1 


staggered 
energy minimum 


0° 60° 120° 180° 240° 300° 360° = 0° 
Dihedral angle 


¢ Note the position of the labeled H atom after each 60° rotation. All three staggered conformations 
are identical (except for the position of the label), and the same is true for all three eclipsed 
conformations. 


Each H,H eclipsing interaction 
contributes 4.0 kJ/mol of 
destabilization to the eclipsed 
conformation. 


Strain results in an increase 
in energy. Torsional strain 

is the first of three types of 
strain discussed in this text. 
The other two are steric strain 
(Section 4.10) and angle strain 
(Section 4.11). 


4.10 


It takes six 60° rotations 
to return to the original 
conformation. 


Figure 4.9 


Six different conformations 
of butane 
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arrangement, so it is at an energy minimum. As the C—H bonds on one carbon are rotated rela- 
tive to the C-H bonds on the other carbon, the energy increases as the C-H bonds get closer 
until a maximum is reached after 60° rotation to the eclipsed conformation. As rotation con- 
tinues, the energy decreases until after 60° rotation, when the staggered conformation is reached 
once again. At any given moment, all ethane molecules do not exist in the more stable staggered 
conformation; rather, a higher percentage of molecules is present in the more stable staggered 
conformation than any other possible arrangement. 


e An energy minimum and maximum occur every 60° as the conformation changes from 
staggered to eclipsed. Conformations that are neither staggered nor eclipsed are 
intermediate in energy. 


The torsional energy in propane is 14 kJ/mol (3.4 kcal/mol). Because each H,H eclipsing 
interaction is worth 4.0 kJ/mol (1.0 kcal/mol) of destabilization, how much is one H,CH eclipsing 
interaction worth in destabilization? (See Section 4.10 for an alternate way to arrive at this value.) 


Conformations of Butane 


Butane and higher molecular weight alkanes have several carbon-carbon bonds, all capable of 
rotation. 


Butane 
Consider rotation at C2-C3. | 


eh 
i I ia CHa 


AIN 


Each C has 2 H's and 1 CHa group. 


To analyze the different conformations that result from rotation about the C2-C3 bond, begin 
arbitrarily with one—for example, the staggered conformation that places two CH3 groups 180° 
from each other—then, 


e Rotate one carbon atom in 60° increments either clockwise or counterclockwise, while 
keeping the other carbon fixed. Continue until you return to the original conformation. 


Figure 4.9 illustrates the six possible conformations that result from this process. 


CH3 4 H 
rotate H HLCH, rotate 
———————— ———s 
CH, 3 CH3 
1 2 3 
staggered, anti eclipsed staggered, gauche 
rotate | 60° rotate |60: 
CH3 H H 
H HH rotate H H rotate H HH 
60° 60° 
S —_—m—_—— 
H CH3 H CHa 
CH3 CH, CHg 
6 5 4 
eclipsed staggered, gauche eclipsed 
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Although each 60° bond rotation converts a staggered conformation into an eclipsed conforma- 
tion (or vice versa), neither all the staggered conformations nor all the eclipsed conformations are 
the same. For example, the dihedral angle between the methyl groups in staggered conformations 
3 and 5 are both 60°, whereas it is 180° in staggered conformation 1. 


e A staggered conformation with two larger groups 180° from each other is called anti. 
e A staggered conformation with two larger groups 60° from each other is called gauche. 


Similarly, the methyl groups in conformations 2 and 6 both eclipse hydrogen atoms, whereas they 
eclipse each other in conformation 4. 


The staggered conformations (1, 3, and 5) are lower in energy than the eclipsed conformations 
(2, 4, and 6), but how do the energies of the individual staggered and eclipsed conformations 
compare to each other? The relative energies of the individual staggered conformations (or the 
individual eclipsed conformations) depend on their steric strain. 


e Steric strain is an increase in energy resulting when atoms are forced too close to one 
another. 


The methyl groups are farther apart in the anti conformation (1) than in the gauche conforma- 
tions (3 and 5), so amongst the staggered conformations, 1 is lower in energy (more stable) than 
3 and 5. In fact, the anti conformation is 3.8 kJ/mol (0.9 kcal/mol) lower in energy than either 
gauche conformation because of the steric strain that results from the proximity of the methyl 


groups in 3 and 5. 
| Anti conformation | Gauche conformation | 
| steric strain | 


J- Zə 
The 2 CH3 groups 1. 4 z Í 
are 180° apart. i a, The 2 CHg groups 
TTi 


are only 60° apart. 


v 


lower in energy higher in energy 
1 


e Gauche conformations are generally higher in energy than anti conformations because of 
steric strain. 


Steric strain also affects the relative energies of eclipsed conformations. Conformation 4 is higher 
in energy than 2 or 6, because the two larger CH; groups are forced close to each other, introduc- 
ing considerable steric strain. 


| Steric strain caused by two eclipsed CH; groups | 


2 A 
J 
“a 
d @ 
side view 
4 


To graph energy versus dihedral angle, keep in mind two considerations: 


e Staggered conformations are at energy minima and eclipsed conformations are at 
energy maxima. 


e Unfavorable steric interactions increase energy. 


Figure 4.10 


Graph: Energy versus 
dihedral angle for butane 
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Energy 


180° 120° 60° 0° 60° 120° 180° 


Dihedral angle between 2 CH3 groups 


e Staggered conformations 1, 3, and 5 are at energy minima. 

e Anti conformation 1 is lower in energy than gauche conformations 3 and 5, which possess steric 
strain. 

e Eclipsed conformations 2, 4, and 6 are at energy maxima. 

e Eclipsed conformation 4, which has additional steric strain due to two eclipsed CH; groups, is 
highest in energy. 


For butane, this means that anti conformation 1 is lowest in energy, and conformation 4 with 
two eclipsed CH; groups is the highest in energy. The relative energy of other conformations is 
depicted in the energy versus rotation diagram for butane in Figure 4.10. 


We can now use the values in Figure 4.10 to estimate the destabilization caused by other eclipsed 
groups. For example, conformation 4 is 19 kJ/mol less stable than the anti conformation 1. Con- 
formation 4 possesses two H,H eclipsing interactions, worth 4.0 kJ/mol each in destabilization 
(Section 4.9), and one CH3,CH; eclipsing interaction. Thus, the CH3,CH, interaction is worth 
19 — 2(4.0) = 11 kJ/mol of destabilization. 


Similarly, conformation 2 is 16 kJ/mol less stable than the anti conformation 1, and possesses one 
H,H eclipsing interaction (worth 4.0 kJ/mol of destabilization), and two H,CH; interactions. Thus 
each H,CH; interaction is worth 1/2(16 — 4.0) = 6.0 kJ/mol of destabilization. These values are 
summarized in Table 4.3. 


e The energy difference between the lowest and highest energy conformations is called 
the barrier to rotation. 


Table 4.3 Summary: Torsional and Steric Strain Energie 
in Acyclic Alkanes 


Energy increase 


Type of interaction kJ/mol kcal/mol 
H,H eclipsing 4.0 1.0 
H,CHs eclipsing 6.0 1.4 
CH3,CHs eclipsing 11 2.6 


gauche CH; groups 3.8 0.9 
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We can use these same principles to determine conformations and relative energies for any acyclic 
alkane. Because the lowest energy conformation has all bonds staggered and all large groups anti, 
alkanes are often drawn in zigzag skeletal structures to indicate this. 


| A zigzag arrangement keeps all carbons staggered and anti. | 


HH HHHHHH 
‘i ik EYL 
lee a get ee ee 
s £ 2 1 3 
di de £: 
HH HH HH 
Problem 4.18 rotation here a. Draw the three staggered and three eclipsed conformations that result 
H from rotation around the designated bond using Newman projections. 
| . 
CHy—G"CH,CHg b. Label the most stable and least stable conformation. 
CH3 


Problem 4.19 Consider rotation around the carbon-carbon bond in 1,2-dichloroethane (CICH,CH,C)). 
a. Using Newman projections, draw all of the staggered and eclipsed conformations that result from 
rotation around this bond. 
b. Graph energy versus dihedral angle for rotation around this bond. 


Problem 4.20 Calculate the destabilization present in each eclipsed conformation. 


H CH 
H HCH, He HCH, 


CH 
H 3 HoH 


4.11 An introduction to Cycloalkanes 


Besides torsional strain and steric strain, the conformations of cycloalkanes are also affected by 
angle strain. 


e Angle strain is an increase in energy when tetrahedral bond angles deviate from the 
optimum angle of 109.5°. 


Originally cycloalkanes were thought to be flat rings, with the bond angles between carbon atoms 
determined by the size of the ring. For example, a flat cyclopropane ring would have 60° internal 
bond angles, a flat cyclobutane ring would have 90° angles, and large flat rings would have very 
large angles. It was assumed that rings with bond angles so different from the tetrahedral bond 
angle would be very strained and highly reactive. This is called the Baeyer strain theory. 


60° 90° 144° 
—— ~ 


small internal angles large internal angles 
angle strain angle strain 


It turns out, though, that cycloalkanes with more than three C atoms in the ring are not flat 
molecules. They are puckered to reduce strain, both angle strain and torsional strain. The three- 
dimensional structures of some simple cycloalkanes are shown in Figure 4.11. Three- and four- 
membered rings still possess considerable angle strain, but puckering reduces the internal bond 
angles in larger rings, thus reducing angle strain. 


Figure 4.11 


Three-dimensional structure 
of some cycloalkanes 


4.12 


Visualizing the chair. If the 
cyclohexane chair conformation 
is tipped downward, we can 
more easily view it as a chair with 
a back, seat, and foot support. 
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v o < 2 o @ 


cyclobutane cyclopentane cycloheptane cyclodecane 


Many polycyclic hydrocarbons are of interest to chemists. For example, dodecahedrane, con- 
taining 12 five-membered rings bonded together, is one member of a family of three hydrocar- 
bons that contain several rings of one size joined together. The two other members of this family 
are tetrahedrane, consisting of four three-membered rings, and cubane, consisting of six four- 
membered rings. These compounds are the simplest regular polyhedra whose structures resemble 
three of the highly symmetrical Platonic solids: the tetrahedron, the cube, and the dodecahedron. 


“er re | 
d @ ¢ 2? 
tetrahedrane cubane dodecahedrane 
How stable are these compounds? Tetrahedrane (with internal 60° bond angles) is so strained 
that all attempts to prepare it have been thus far unsuccessful. Although cubane is also highly 
strained because of its 90° bond angles, it was first synthesized in 1964 and is a stable molecule 
at room temperature. Finally, dodecahedrane is very stable because it has bond angles very close 
to the tetrahedral bond angle (108° versus 109.5°). Its synthesis eluded chemists for years not 
because of its strain or inherent instability, but because of the enormous challenge of joining 12 
five-membered rings together to form a sphere. 


Cyclohexane 


Let’s now examine in detail the conformation of cyclohexane, the most common ring size in 
naturally occurring compounds. 


The Chair Conformation 


A planar cyclohexane ring would experience angle strain, because the internal bond angle 
between the carbon atoms would be 120°, and torsional strain, because all of the hydrogens on 
adjacent carbon atoms would be eclipsed. 


If a cyclohexane ring were flat... 


_angle strain | I < j ; | torsional strain 
420° H S 


The internal bond All H’s are aligned. 
angle is >109.5°. 
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In reality, cyclohexane adopts a puckered conformation, called the chair form, which is more 
stable than any other possible conformation. 


| The carbon skeleton of chair cyclohexane 


: 
x 


The chair conformation is so stable because it eliminates angle strain (all C-C- C bond angles are 
109.5°) and torsional strain (all hydrogens on adjacent carbon atoms are staggered, not eclipsed). 


109.5° = 


e In cyclohexane, three C atoms pucker up and three C atoms pucker down, alternating 
around the ring. These C atoms are called up C’s and down C’s. 


Each carbon in cyclohexane has two different kinds of hydrogens. 


e Axial hydrogens are located above and below the ring (along a perpendicular axis). 
e Equatorial hydrogens are located in the plane of the ring (around the equator). 


| 3 up C’s and 3 downC’s | | Two kinds of H’s | 
Ler H «— axial 
fat H < equatorial 


equatorial > H 
@=upCc 


O = down C 


axial —> H 


e Axial bonds are oriented above and below. 
Each cyclohexane carbon ¢ Equatorial bonds are oriented around the equator. 
atom has one axial and one 


equatorial hydrogen. A three-dimensional representation of the chair form is shown in Figure 4.12. Before continuing, 


we must first learn how to draw the chair form of cyclohexane. 


Figure 4.12 Axial H’s are labeled in blue. 


A three-dimensional model of | 
the chair form of cyclohexane 
with all H atoms drawn 


aS Equatorial H’s are labeled in gray. 
w 


èe Cyclohexane has six axial H’s and six equatorial H’s. 


How To Draw the Chair Form of Cyclohexane 


Step[1] Draw the carbon skeleton. 


a _ e Draw three parts of the chair: a wedge, a set of parallel lines, and another 
om 7 L~/ wedge. 
AJ e Then, join them together. 
e The bottom 3 C’s come out of the page, and for this reason, bonds to them 
ttt are often highlighted in bold. 


These atoms are in front. 


Step [2] 


Step [3] 


Step [4] 


| equatorial H up \ H 
H a equatorial H down Ty ee Ht! H” 
H H 
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Label the up C’s and down C’s on the ring. 
fet e There are 3 up and 3 down C’s, and they alternate around the ring. 


@=upC O =downC 


Draw in the axial H atoms. 


3 axial H’s above the ring —— H H e On an up C the axial H is up. 
H e On a down C the axial H is down. 


3 axial H’s below the ring —>H He 
Draw in the equatorial H atoms. 


e The axial H is down on a down C, so the equatorial H must be up. 
ə The axial H is up on an up C, so the equatorial H must be down. 


axial H up | All equatorial H’s drawn in. | All H's drawn in. 
H H 


H 
„YPC HH 


down C~ 


| axial H down i Axial H’s are drawn in blue. 


Problem 4.21 Classify the ring carbons as up C’s or down C’s. Identify the bonds highlighted in bold as axial or 
equatorial. 


i 48 


4.12B_ Ring-Flipping 


Like acyclic alkanes, cyclohexane does not remain in a single conformation. The bonds twist 
and bend, resulting in new arrangements, but the movement is more restricted. One important 
conformational change involves ring-flipping, which can be viewed as a two-step process. 


An up C becomes a down C. 


2" chair 
form 


A down C becomes an up C. 


e A down carbon flips up. This forms a new conformation of cyclohexane called a boat. The 
boat form has two carbons oriented above a plane containing the other four carbons. 

e The boat form can flip in two possible ways. The original carbon (labeled with an open circle) 
can flip down, re-forming the initial conformation; or the second up carbon (labeled with a 
solid circle) can flip down. This forms a second chair conformation. 
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Figure 4.13 


Ring-flipping interconverts axial 
and equatorial hydrogens in 
cyclohexane. 


Figure 4.14 


Two views of the boat 
conformation of cyclohexane 


4.13 


4.13A 


Because of ring-flipping, the up carbons become down carbons and the down carbons become 
up carbons. Thus, cyclohexane exists as two different chair conformations of equal stability, 
which rapidly interconvert at room temperature. 


The process of ring-flipping also affects the orientation of cyclohexane’s hydrogen atoms. 


¢ Axial and equatorial H atoms are interconverted during a ring flip. Axial H atoms become 
equatorial H atoms, and equatorial H atoms become axial H atoms (Figure 4.13). 


Axial H’s (in blue)... ...become... ... equatorial H's (in blue). 


boat conformation 


The chair forms of cyclohexane are 30 kJ/mol more stable than the boat forms. The boat 
conformation is destabilized by torsional strain because the hydrogens on the four carbon atoms 
in the plane are eclipsed. Additionally, there is steric strain because two hydrogens at either end 
of the boat—the flagpole hydrogens—are forced close to each other, as shown in Figure 4.14. 


flagpole H's 


+ 4 

+ 
P e. 7 2) 
Pa 


eclipsed H’s —> w j 


< >) J ¢ 
eclipsed H’s 


The boat form of cyclohexane is less stable than the chair forms for two reasons. 


e Eclipsing interactions between H’s cause torsional strain. 
e The proximity of the flagpole H’s causes steric strain. 


Substituted Cycloalkanes 


What happens when one hydrogen on cyclohexane is replaced by a larger substituent? Is there 
a difference in the stability of the two cyclohexane conformations? To answer these questions, 
remember one rule. 


e The equatorial position has more room than the axial position, so larger substituents 
are more stable in the equatorial position. 


Cyclohexane with One Substituent 


There are two possible chair conformations of a monosubstituted cyclohexane, such as methyl- 
cyclohexane, as shown in the following How To. 


How To Draw the Two Conformations for a Substituted Cyclohexane 


Step [1] 


Step [2] 


Step [3] 
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Draw one chair form and add the substituents. 


e Arbitrarily pick a ring carbon, classify it as an up or down carbon, and draw the bonds. Each C has one axial and one 
equatorial bond. 

e Add the substituents, in this case H and CHs, arbitrarily placing one axial and one equatorial. In this example, the CH3 
group is drawn equatorial. 

¢ This forms one of the two possible chair conformations, labeled Conformation 1. 


_ Add the bonds. | Add the substituents. 


| <— axial bond | H <— axial 
Ep — oa (up) — EAr Ch; 
up C equatorial bond equatorial 
(gown) Conformation 1 


Ring-flip the cyclohexane ring. 
up C 


a -fli l Em \ e Convert up C’s to down C’s and vice versa. The chosen up C now 
cp “ting ue | puckers down. 
down C 


Add the substituents to the second conformation. 


e Draw axial and equatorial bonds. On a down C the axial bond is down. 
e Ring-flipping converts axial bonds to equatorial bonds, and vice versa. The equatorial methyl becomes axial. 
e This forms the other possible chair conformation, labeled Conformation 2. 


| Add the bonds. | | Add the substituents. | 
| l equatorial 


— equatorial bond l 
— ae (up) —= aH 
t CH; <— axial 


down C axial bond 
(down) Conformation 2 


Although the CH; group flips from equatorial to axial, it starts on a down bond, and stays on a 
down bond. It never flips from below the ring to above the ring. 


Each carbon atom has one e A substituent always stays on the same side of the ring—either below or above—during 
up and one down bond. An the process of ring-flipping. 


up bond can be either axial or 
equatorial, depending on the The two conformations of methylcyclohexane are different, so they are not equally stable. 


carbon to which it is attached. In fact, Conformation 1, which places the larger methyl group in the roomier equatorial position, 
On an up C, the axial bond is considerably more stable than Conformation 2, which places it axial. 


is up, but on a down C, the 


equatorial bond is up. | The larger CH group is equatorial. — 


The equatorial The axial 


H equatorial 


bond is up. bond is up. 
/ a LJ ee a | a4 


@=upC 


CH, <— axial 
Conformation 1 Conformation 2 
= down C 
9 more stable 5% 


95% 
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Figure 4.15 


Three-dimensional 
representations for the 
two conformations of 
methylcyclohexane 


Problem 4,22 


Problem 4.23 


Figure 4.16 


The two conformations of 
tert-butylcyclohexane 


| Equatorial CH, group | Axial CH; group | 
UŘ 


interactions é 


Conformation 1 Conformation 2 


The CH3 has more room, An axial CH3 group has 
preferred unfavorable steric interactions. 


Why is a substituted cyclohexane ring more stable with a larger group in the equatorial position? 
Figure 4.15 shows that with an equatorial CH, group, steric interactions with nearby groups are 
minimized. An axial CH; group, however, is close to two other axial H atoms, creating two desta- 
bilizing steric interactions called 1,3-diaxial interactions. Each unfavorable H,CH; interaction 
destabilizes the conformation by 3.8 kJ/mol, so Conformation 2 is 7.6 kJ/mol less stable than 
Conformation 1. 


e Larger axial substituents create unfavorable 1,3-diaxial interactions, destabilizing a 
cyclohexane conformation. 


The larger the substituent on the six-membered ring, the higher the percentage of the conforma- 
tion containing the equatorial substituent at equilibrium. In fact, with a very large substituent like 
tert-butyl [(CH3)3C — ], essentially none of the conformation containing an axial tert-butyl group 
is present at room temperature, so the ring is essentially anchored in a single conformation 
having an equatorial tert-butyl group. This is illustrated in Figure 4.16. 


Draw a second chair conformation for each cyclohexane. Then decide which conformation is 
present in higher concentration at equilibrium. 


Cl 
a. [~~ Br b: Li? c. (VCH, CH, 


When an ethyl group (CH3CH2—) is bonded to a cyclohexane ring, 96% of the molecules possess 
an equatorial CH3;CH2— group at equilibrium. When an ethynyl group (HC=C-—) is bonded to a 
cyclohexane ring, only 67% of the molecules possess an equatorial HC=C-— group at equilibrium. 
Suggest a reason for this difference. 


axial tert-butyl group H 
~— „CH3 
H # c ; 
4 eR TCH; «— equatorial tert-butyl group 
H:  Gys'CHg CH3 
CH3 CH, 
100% 


very crowded 


F m | The large tert-butyl group anchors the | 
highly- destabilized cyclohexane ring in this conformation. 


4.13B 


Wedges indicate bonds in front 
of the plane of the ring and 
dashes indicate bonds behind. 
For a review of this convention, 
see Section 1.7B. In this text, 
dashes are drawn equal in 
length, as recommended in the 
latest IUPAC guidelines. If a ring 
carbon is bonded to a CH, group 
in front of the ring (on a wedge), 
it is assumed that the other 

atom bonded to this carbon is 
hydrogen, located behind the 
ring (on a dash). 


Cis and trans isomers are 
named by adding the prefixes 
cis and trans to the name of 
the cycloalkane. Thus, A is 
cis-1,2-dimethylcyclopentane, 
and B is trans-1,2- 
dimethylcyclopentane. 


Probiem 4,24 
Problem 4.25 


4.13C 


All disubstituted cycloalkanes 
with two groups bonded to 
different atoms have cis and 
trans isomers. 
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A Disubstituted Cycloalkane 


Rotation around the C-C bonds in the ring of a cycloalkane is restricted, so a group on one side 
of the ring can never rotate to the other side of the ring. As a result, there are two different 
1,2-dimethylcyclopentanes—one having two CH; groups on the same side of the ring and one 
having them on opposite sides of the ring. 


These two compounds cannot be interconverted. 


RQ on 


CH, CH CH, Cha 
2 CH3’s above the ring 1 CH3 above and 1 CH, below 


cod 


two groups on the same side two groups on opposite sides 


A = 


A and B are isomers, because they are different compounds with the same molecular formula, 
but they represent the second major class of isomers called stereoisomers. 


e Stereoisomers are isomers that differ only in the way the atoms are oriented in space. 
The prefixes cis and trans are used to distinguish these stereoisomers. 


e The cis isomer has two groups on the same side of the ring. 
e The trans isomer has two groups on opposite sides of the ring. 


Cis- and trans-|,2-dimethylcyclopentane can also be drawn as if the plane of the ring goes through 
the plane of the page. Each carbon in the ring then has one bond that points above the ring and 


one that points below. 
trans-1,2-dimethy!cyclopentane 


e 7 ie e | 
cis-1,2-dimethylcyclopentane 
CH; H "g 
| 9 = g a 
wv 


Draw the structure for each compound using wedges and dashes. 
a. cis-1,2-dimethylcyclopropane b. trans-1-ethyl-2-methylcyclopentane 


: 


For cis-1,3-diethylcyclobutane, draw (a) a stereoisomer; (b) a constitutional isomer. 


A Disubstituted Cyclohexane 


A disubstituted cyclohexane like 1,4-dimethylcyclohexane also has cis and trans stereoisomers. 
In addition, each of these stereoisomers has two possible chair conformations. 


H| H HÀ “y 


trans-1,4-dimethylcyclohexane cis-1,4-dimethylcyclohexane 


To draw both conformations for each stereoisomer, follow the procedure in Section 4.13A for 
a monosubstituted cyclohexane, keeping in mind that two substituents must now be added to 
the ring. 
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How To Draw Two Conformations for a Disubstituted Cyclohexane 


Step[1] Draw one chair form and add the substituents. 


¢ For trans-1,4-dimethylcyclohexane, arbitrarily pick two C’s located 1,4- to each other, classify them as up or down C’s, 
and draw in the substituents. 

e The trans isomer must have one group above the ring (on an up bond) and one group below the ring (on a down bond). 
The substituents can be either axial or equatorial, as long as one is up and one is down. The easiest trans isomer to 
visualize has two axial CH3 groups. This arrangement is said to be diaxial. 

e This forms one of the two possible chair conformations, labeled Conformation 1. 


Add the bonds. , | Add the substituents. | 
— y axial m ret 
| axial (up) | CH; <— One CH; group is up. 
a — pi 
j H 
up C <— axial (down) axial CH3 


down C 
_ One CH; group is down. — 


Conformation 1 


Step [2] Ring-flip the cyclohexane ring. 


ring-flip | 
BR TS e The up C flips down, and the down C flips up. 
| 
G up C 
Mhi Cc oi down C 


Step [3] Add the substituents to the second conformation. 


H One CH3 group is up. 


equatorial ey cs equatorial 


One CH3 group is down. 


Conformation 2 


e Ring-flipping converts axial bonds to equatorial bonds, and vice versa. The diaxial CH groups become diequatorial. 
This trans conformation is less obvious to visualize. It is still trans, because one CH group is above the ring (on an up 
bond), and one is below (on a down bond). 


Conformations 1 and 2 are not equally stable. Because Conformation 2 has both larger CH; 
groups in the roomier equatorial position, it is lower in energy. 


2 CH3 groups in the more | _ 2 CHg groups in the more roomy 
_ crowded axial position equatorial position 
“CH, | H | 
get, CH CH, 
H 
1 2 
diaxial conformation diequatorial conformation 


more stable 


4.13 Substituted Cycloalkanes 153 


Figure 4,17 axial (up) axial (up) 
| } 
The two conformations of ČH CH3 
cis-1,4-dimethylcyclohexane : 


equatorial —> CH H e CH, <— equatorial 
3 3 


(up) (up) 
H H 


Conformation 1 Conformation 2 
50% 50% 


e A cis isomer has two groups on the same side of the ring, either both up or both down. In this 
example, Conformations 1 and 2 have two CHa groups drawn up. 
e Both conformations have one CHa group axial and one equatorial, making them equally stable. 


The cis isomer of 1,4-dimethylcyclohexane also has two conformations, as shown in Figure 4.17. 
Because each conformation has one CH, group axial and one equatorial, they are identical 
in energy. At room temperature, therefore, the two conformations exist in a 50:50 mixture at 
equilibrium. 

The relative stability of the two conformations of any disubstituted cyclohexane can be analyzed 


using this procedure. 


e A cis isomer has two substituents on the same side, either both on up bonds or both 
on down bonds. 
e A trans isomer has two substituents on opposite sides, one up and one down. 


e Whether substituents are axial or equatorial depends on the relative location of the two 
substituents (on carbons 1,2-, 1,3-, or 1,4-). 


Sample Problem 4.4 Draw both chair conformations for trans-1,3-dimethylcyclohexane. 


Solution 
Step [1] Draw one chair form and add substituents. 


——> equatorial 
P paw H CH3 (up) 
Del ks Í 


axial 


down C {down} 


Conformation 1 


e Pick two C’s 1,3- to each other. 
e The trans isomer has two groups on opposite sides. In Conformation 1, this means that 
one CH; is equatorial (on an up bond), and one group is axial (on a down bond). 


Steps [2-3] Ring-flip and add substituents. 


H 
| ring-flip AR 


H CH, ——, (chs 
equatorial equatorial H 

H H 
m Conformation 2 


® The two down O’s flip up. 

e The axial CH3 flips equatorial (still a down bond) and the equatorial CHa flips axial (still an 
up bond). Conformation 2 is trans because the two CH,’s are still on opposite sides. 

e Conformations 1 and 2 are equally stable because each has one CH equatorial and 
one axial. 
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Problem 4.26 


Problem 4,27 


Problem 4.28 


4.14 


4.14A 


Compounds that contain many 
C-H bonds and few C-Z 
bonds are said to be in a 
reduced state, whereas those 
that contain few C-H bonds 
and more C -Z bonds are in a 
more oxidized state. CH, is 
thus highly reduced, while CO, 
is highly oxidized. 


Because Z is more 
electronegative than C, 
replacing C-H bonds with C-Z 
bonds decreases the electron 
density around C. Loss of 
electron density = oxidation. 
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Label each compound as cis or trans. Then draw the second chair conformation. 
H H 
H Br H 
a. HoZ 7 b. Aor Gs HAN 
HO 4 


Consider 1,2-dimethylcyclohexane. 

a. Draw structures for the cis and trans isomers using a hexagon for the six-membered ring. 

b. Draw the two possible chair conformations for the cis isomer. Which conformation, if either, is 
more stable? 

c. Draw the two possible chair conformations for the trans isomer. Which conformation, if either, is 
more stable? 

d. Which isomer, cis or trans, is more stable and why? 


Draw a chair conformation of cyclohexane with one CHCH; group and one CH; group that fits 
each description: 


a. a 1,1-disubstituted cyclohexane with an axial CH3CH2 group 

b. acis-1,2-disubstituted cyclohexane with an axial CH3 group 

c. atrans-1,3-disubstituted cyclohexane with an equatorial CHa group 

d. atrans-1,4-disubstituted cyclohexane with an equatorial CH3CHs group 


Oxidation of Alkanes 


In Chapter 3 we learned that a functional group contains a heteroatom or m bond and constitutes 
the reactive part of a molecule. Alkanes are the only family of organic molecules that have no 
functional group, and therefore, alkanes undergo few reactions. In fact, alkanes are inert to 
reaction unless forcing conditions are used. 


In Chapter 4, we consider only one reaction of alkanes—combustion. Combustion is an 
oxidation-reduction reaction. 


Oxidation and Reduction Reactions 


© Oxidation is the loss of electrons. 
e Reduction is the gain of electrons. 


Oxidation and reduction are opposite processes. As in acid-base reactions, there are always 
two components in these reactions. One component is oxidized and one is reduced. 


To determine if an organic compound undergoes oxidation or reduction, we concentrate on the 
carbon atoms of the starting material and product, and compare the relative number of C-H 
and C-Z bonds, where Z = an element more electronegative than carbon (usually O, N, or X). 
Oxidation and reduction are then defined in two complementary ways. 


e Oxidation results in an increase in the number of C- Z bonds; or 
e Oxidation results in a decrease in the number of C-H bonds. 


e Reduction results in a decrease in the number of C- Z bonds; or 
e Reduction results in an increase in the number of C-H bonds. 


Figure 4.18 illustrates the oxidation of CH, by replacing C~ H bonds with C—O bonds (from left 
to right). The symbol [O] indicates oxidation. Because reduction is the reverse of oxidation, the 
molecules in Figure 4.18 are progressively reduced moving from right to left, from CO, to CH4. 
The symbol [H] indicates reduction. 


Figure 4.18 


The oxidation and 
reduction of a 


carbon compound 
H 


l 
H=Ç-H 


H 


most reduced 
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[0] to A ba [0] 


O=C=0 
most oxidized 
form of carbon 


ls 

{ 
i a 

O 

L 

O 


form of carbon 


Sample Problem 4.5 


Probiem 4.29 


4.14B 


When an organic compound 
is oxidized by a reagent, the 
reagent itself is reduced. 
Similarly, when an organic 
compound is reduced by 

a reagent, the reagent is 
oxidized. Organic chemists 
identify a reaction as an 
oxidation or reduction by 
what happens to the organic 
component of the reaction. 


Determine whether the organic compound is oxidized or reduced in each transformation. 


? K Hf 
VY 
a. CH,CH,-OH ——> C b. C=C H—-C—-C-—H 
i CH4 `OH 7 Ea 
H H H H 
ethanol acetic acid ethylene ethane 
Solution 


a. The conversion of ethanol to acetic acid is an oxidation because the number of C—O bonds 
increases: CH3CH2OH has one C—O bond and CHCOOH has three C—O bonds. 


b. The conversion of ethylene to ethane is a reduction because the number of C-H bonds 
increases: ethane has two more C-H bonds than ethylene. 


Classify each transformation as an oxidation, reduction, or neither. 


O 
ll ? 


jl 
i OH 


— > 
CHS `H 5 
q 
b. C- ——~  CH,CH.CH d. oO —-, OH 
CHs `CH3 ie ( (> 


Combustion of Alkanes 


a. 


— 


CH 


Alkanes undergo combustion—that is, they burn in the presence of oxygen to form carbon 
dioxide and water. This is a practical example of oxidation. Every C-H and C-C bond in the 
starting material is converted to a C—O bond in the product. The reactions drawn show the com- 
bustion of two different alkanes. Note that the products, CO, + H,O, are the same, regardless of 
the identity of the starting material. Combustion of alkanes in the form of natural gas, gasoline, 
or heating oil releases energy for heating homes, powering vehicles, and cooking food. 


CH, + 20, CO; + 2H,O + (heat) energy 
methane flame 
2 (CHg)gCCHZCH(CHs)o + 250, jane 16CO, + 18H,O + (heat) energy 


2,2,4-trimethylpentane 
(isooctane) 


oxidized 
product 


reduced 


starting material 


Combustion requires a spark or a flame to initiate the reaction. Gasoline, therefore, which is 
composed largely of alkanes, can be safely handled and stored in the air, but the presence of a 
spark or match causes immediate and violent combustion. 
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Figure 4.19 
The changing concentration 


of CO; in the atmosphere 
since 1958 


Driving an automobile 10,000 
miles at 25 miles per gallon 
releases ~10,000 Ib of CO; into 
the atmosphere. 


Problem 4.3! 


4.15 


Lipids that contain carbon- 
carbon double bonds are 
discussed in Section 10.6. 


400 


380 


360 


340 


CO, concentration (ppm) 


320 


1960 1970 1980 1990 2000 2010 


The increasing level of atmospheric CO; is clearly evident on the graph. Two data points are recorded 
each year. The sawtooth nature of the graph is due to seasonal variation of CO; level with the 
seasonal variation in photosynthesis. (Data recorded at Mauna Loa, Hawaii) 


The combustion of alkanes and other hydrocarbons obtained from fossil fuels adds a tremendous 
amount of CO, to the atmosphere each year. Quantitatively, data show over a 20% increase in 
the atmospheric concentration of CO, in the last 53 years (from 315 parts per million in 1958 
to 389 parts per million in 2011; Figure 4.19). Although the composition of the atmosphere has 
changed over the lifetime of the earth, this may be the first time that the actions of humankind 
have altered that composition significantly and so quickly. 


An increased CO, concentration in the atmosphere may have long-range and far-reaching effects. 
CO, absorbs thermal energy that normally radiates from the earth’s surface, and redirects it back 
to the surface. Higher levels of CO, may therefore contribute to an increase in the average tem- 
perature of the earth’s atmosphere. The global climate change resulting from these effects may 
lead to melting of the polar ice caps, a rise in sea level, and many more unforeseen consequences. 
How great a role CO, plays in this process is hotly debated. 


Draw the products of each combustion reaction. 


flame flame 
a. CH3;CH,CH3; + O ~~~ > b. + ————— 


Lipids—Part 1 


Lipids are biomolecules whose properties resemble those of alkanes and other hydrocarbons. 
They are unlike any other class of biomolecules, though, because they are defined by a physical 
property, not by the presence of a particular functional group. 


e Lipids are biomolecules that are soluble in organic solvents and insoluble in water. 


Lipids have varied sizes and shapes, and a diverse number of functional groups. Fat-soluble vita- 
mins like vitamin A and the phospholipids that comprise cell membranes are two examples of 
lipids that were presented in Sections 3.5 and 3.7. Other examples are shown in Figure 4.20. One 
unifying feature accounts for their solubility. 


Figure 4.20 


Three representative 
lipid molecules 
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HO 

long hydrocarbon chains — COOH 

O 

i | 4A 

Zon 
CH3(CHa) +4 O(CH2)29CH3 HO OH 

a component of beeswax PGFo,y HO cholesterol 


Figure 4.21 


Cholesterol embedded in a 
lipid bilayer of a cell membrane 


nonpolar 
phospholipid tails 


polar 
phospholipid heads 


cholesterol 


e Lipids are composed of many nonpolar C-H and C-C bonds, and have few polar 
functional groups. 


Waxes are lipids having two long alkyl chains joined by a single oxygen-containing functional 
group. Because of their many C-C and C-H bonds, waxes are hydrophobic. They form a 
protective coating on the feathers of birds to make them water repellent, and on leaves to prevent 
water evaporation. Bees secrete CH3(CH ),4COO(CH)).9CH3, a wax that forms the honeycomb 
in which they lay eggs. 


PGF}, belongs to a class of lipids called prostaglandins. Prostaglandins contain many C—C and 
C-H bonds and a single COOH group (a carboxy group). Prostaglandins possess a wide range 
of biological activities. They control inflammation, affect blood-platelet aggregation, and stimu- 
late uterine contractions. Nonsteroidal anti-inflammatory drugs such as ibuprofen operate by 
blocking the synthesis of prostaglandins, as discussed in Sections 19.6 and 30.6. 


Cholesterol is a member of the steroid family, a group of lipids having four rings joined together. 
Because it has just one polar OH group, cholesterol is insoluble in the aqueous medium of the 
blood. It is synthesized in the liver and transported to other cells bound to water-soluble organic 
molecules. Elevated cholesterol levels can lead to coronary artery disease. 


Cholesterol is a vital component of the cell membrane. Its hydrophobic carbon chain is embed- 
ded in the interior of the lipid bilayer, and its hydrophilic hydroxy group is oriented toward the 
aqueous exterior (Figure 4.21). Because its tetracyclic carbon skeleton is quite rigid compared to 


aqueous exterior of the cell 
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cholesterol OH group 
aqueous interior of the cell 
e The nonpolar hydrocarbon skeleton of cholesterol is embedded in the nonpolar interior of the cell 


membrane. Its rigid carbon skeleton stiffens the fluid lipid bilayer, giving it strength. 
e Cholesterol’s polar OH group is oriented toward the aqueous media inside and outside the cell. 
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the long floppy side chains of a phospholipid, cholesterol stiffens the cell membrane somewhat, 
giving it more strength. 


Lipids have a high energy content, meaning that much energy is released on their metabolism. 
Because lipids are composed mainly of C—C and C-H bonds, they are oxidized with the release 
of energy, just like alkanes are. In fact, lipids are the most efficient biomolecules for the storage 
of energy. The combustion of alkanes provides heat for our homes, and the metabolism of 
lipids provides energy for our bodies. 


Problem 4.31 Explain why beeswax is insoluble in H2O, slightly soluble in ethanol (CH3;CH,OH), and soluble in 
chloroform (CHCl). 


Problem 4.32 — Pristane is a high molecular weight alkane present in shark liver oil, a lipid used as a folk remedy 
and lubricant by coastal societies in northern Europe for centuries. What is the IUPAC name for 
pristane? 


BSenseunsaesr 
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pristane 


Shark liver oil, the source of 
pristane and other lipids, is 
obtained from sharks that 
inhabit the cold waters of the 
northern Atlantic and southern 
Pacific Oceans. (Photo © Eric 
Couture, courtesy Canadian Shark 
Research Laboratory.) 


KEY CONCEPTS Arce 


Alkanes 


General Facts About Alkanes (4.1-4.3) 
e Alkanes are composed of tetrahedral, sp? hybridized C atoms. 
e There are two types of alkanes: acyclic alkanes having molecular formula C,He, + 2, and cycloalkanes having molecular formula C,Hop. 


e Alkanes have only nonpolar C-C and C- H bonds and no functional group, so they undergo few reactions. 
e Alkanes are named with the suffix -ane. 


Ciassifying C Atoms and H Atoms (4.1A) 


e Carbon atoms are classified by the number of carbon atoms bonded to them; a 1° carbon is bonded to one other carbon, and 
so forth. 


e Hydrogen atoms are classified by the type of carbon atom to which they are bonded; a 1° H is bonded to a 1° carbon, and so 
forth. 


Names of Alkyl Groups (4.4A) 


Chr = —$ CHgCH,CH,CH = 3 
methyl butyl 
CHCH- = <~ CH;CHsCHCH; = — 
ethyl sec-butyl ww 
ohonon = XE | Hyco = 1 3 
propyl isobutyl 


isopropyl tert-butyl 


(CHa)CH- = a (CHg)3C- = L; 
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Conformations in Acyclic Alkanes (4.9, 4.10) 


e Alkane conformations can be classified as eclipsed, staggered, anti, or gauche depending on the relative orientation of the 
groups on adjacent carbons. 


eclipsed staggered anti gauche 
HH i CH3 H 
H H H H H H 
H H 
H H H Sy H H H CHa 
H CH3 CH3 
e dihedral angle = 0° e dihedral angle = 60° e dihedral angle of two e dihedral angle of two 
CH; groups = 180° CH3 groups = 60° 


e A staggered conformation is lower in energy than an eclipsed conformation. 
e An anti conformation is lower in energy than a gauche conformation. 


Types of Strain 


e Torsional strain—an increase in energy caused by eclipsing interactions (4.9). 
è Steric strain—an increase in energy when atoms are forced too close to each other (4.10). 
e Angle strain—an increase in energy when tetrahedral bond angles deviate from 109.5° (4.11). 


Two Types of Isomers 


[1] Constitutional isomers—isomers that differ in the way the atoms are connected to each other (4.1A). 
[2] Stereoisomers—isomers that differ only in the way the atoms are oriented in space (4.13B). 


trans 


on A pon 


CH, Cha 


constitutional stereoisomers = 
O TE Eee stereoisomers 


Conformations in Cyclohexane (4.12, 4.13) 


e Cyclohexane exists as two chair conformations in rapid equilibrium at room temperature. 
e Each carbon atom on a cyclohexane ring has one axial and one equatorial hydrogen. Ring-flipping converts axial H’s to 
equatorial H’s, and vice versa. 


An axial H flips equatorial. 


Hax 


LD Heq ae a aie 


Hax 


An equatorial H flips axial. 


e In substituted cyclohexanes, groups larger than hydrogen are more stable in the roomier equatorial position. 
e Disubstituted cyclohexanes with substituents on different atoms exist as two possible stereoisomers. 

e The cis isomer has two groups on the same side of the ring, either both up or both down. 

¢ The trans isomer has two groups on opposite sides of the ring, one up and one down. 


Oxidation—Reduction Reactions (4.14) 


ə Oxidation results in an increase in the number of C - Z bonds or a decrease in the number of C- H bonds. 
¢ Reduction results in a decrease in the number of C - Z bonds or an increase in the number of C- H bonds. 
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PROBLEMS 


Problems Using Three-Dimensional Models 


4.33 Name each alkane using the ball-and-stick model, and classify each carbon as 1°, 2°, 3°, or 4°. 


s4 v 
at w g 
,@ ry wW 4 wd e] 
a. ae. Ta be? Ww FP oy 
7 Ro A jY ug D ® . ee 
ad ry @- = JES, wv ~ 
J a Yau Y a v 


4.34 Consider the substituted cyclohexane shown in the ball-and-stick model. 


. Label the substituents on C1, C2, and C4 as axial or equatorial. 

. Are the substituents on C1 and C2 cis or trans to each other? 

. Are the substituents on C2 and C4 cis or trans to each other? 

: . Draw the second possible conformation in the chair form, and classify it as more stable or less 
C2 Y stable than the conformation shown in the 3-D model. 
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4.35 Convert each three-dimensional model to a Newman projection around the indicated bond. 


' d 


w 


Classifying Carbons and Hydrogens 


4.36 For each alkane: (a) classify each carbon atom 
as 1°, 2°, 3°, or 4°; (b) classify each hydrogen [1] [2] 
atom as 1°, 2°, or 3°. 


4.37 Draw the structure of an alkane that: 
a. contains only 1° and 4° carbons c. contains only 1° and 2° hydrogens 
b. contains only 2° carbons d. contains only 1° and 3° hydrogens 


Constitutional Isomers 
4.38 Draw the structure of all compounds that fit the following descriptions: 
a. five constitutional isomers having the molecular formula C4Hg 
b. nine constitutional isomers having the molecular formula C7Hi¢ 
c. twelve constitutional isomers having the molecular formula CgH;2 and containing one ring 


IUPAC Nomenclature 
4.39 Give the IUPAC name for each compound. 


a. CHsCH2CHCH.CHCH,CH,CH, h. 
CH3 CHCH; 
CHCH, CHa 


| ] 
b. CHsCHs;CCH,CHsCHCHCH;CH,CH, 


i | j 
CHCH; CH2CH3 ' 
c. CHaCHCH2C(CHa)2C(CH4)2CH>CH3 
d. CH3CH2C(CHzCH3)2CH(CHa)CH(CH2CH2CH3)2 


L LO) CHICH CH 
e. (CH4CH2)3CCH(CH3)CH;CH2CH3 
äi KAA 


f. CH3CHCH(CH4)CH(CH3)CH(CH3CH2CH4)(CH2)3CH3 
g. (CH3CH;CH3)4C 
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4.40 Give the structure and IUPAC name for each of the nine isomers having molecular formula CoHzọ that contains seven carbons in 
the longest chain and two methyl groups as substituents. 


4.41 Draw the structure corresponding to each IUPAC name. 


3-ethyl-2-methylhexane 4-butyl-1,1-diethylcyclooctane 
4-isopropyl-2,4,5-trimethylheptane 2,2,6,6,7-pentamethyloctane 


cyclobutylcycloheptane 
3-ethyl-1,1-dimethylcyclohexane 


cis-1-ethyl-3-methylcyclopentane 
trans-1-tert-butyl-4-ethylcyclohexane 


92950 


f 
sec-butylcyclopentane g. 6-isopropyl-2,3-dimethylnonane 
h. 
i. 
j; 


4.42 Which of the following compounds is not an isomer of undecane? 
a. 2-methyldecane d. 3,4-diethylheptane 
b. 3,3-dimethylnonane e. 2,2,3,3,4,4-hexamethylpentane 
c. 3-ethyloctane 


4.43 Each of the following IUPAC names is incorrect. Explain why it is incorrect and give the correct IUPAC name. 


a. 2,2-dimethyl-4-ethylheptane e. 1-ethyl-2,6-dimethyicycloheptane 

b. 5-ethyl-2-methylhexane f. 5,5,6-trimethyloctane 

c. 2-methyl-2-isopropylheptane g. 3-butyl-2,2-dimethylhexane 

d. 1,5-dimethyicyclohexane h. 1,3-dimethylbutane 

4.44 Give the IUPAC name for each compound. 

CH3 CH3 CH3 

a H CH2CH2CH3 b. CH3 CH2CH, c. CH3CH3 CH2CH,CH, 

CH3 H H H CH3CHCH5 H 

CHsCH2CH, CHCH; CH2CH3 


Physical Properties 


4.45 Rank each group of alkanes in order of increasing boiling point. Explain your choice of order. 
a. CH3CH2CH2CH2CH3, CH3CH2CH2CH3, CH3CH2CH3 
b. CH3CH2CH2CH(CH3)2, CH3(CH2)4CH3, (CH3)2>CHCH(CHs3)2 


4.46 The melting points and boiling points of two isomeric alkanes are as follows: CH3(CH2)gCH3, mp = -57 °C and bp = 126 °C; 
(CHs)sCC(CHs)3, mp = 102 °C and bp = 106 °C. (a) Explain why one isomer has a lower melting point but higher boiling point. 
(b) Explain why there is a small difference in the boiling points of the two compounds, but a huge difference in their melting 
points. 


Conformation of Acyclic Alkanes 


4.47 Which conformation in each pair is higher in energy? Calculate the energy difference between the two conformations using the 
values given in Table 4.3. 
CH; 


H H 
CH3 
a. or b. or 
H H H CH3 CH3 CH3 M 
CHa CH, CH CH, 


4.48 Considering rotation around the indicated bond in each compound, draw Newman projections for the most stable and least 
stable conformations. 


a. CH3—CH2CH2CH2CH3 b. CH3CH2CH2—CH2CH2CH3 


4.49 Convert each structure to a Newman projection around the indicated bond. 


CH H H Cl 
. if . o cy H 
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4.50 


4.51 


4.52 


4.53 


4.54 
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(a) Using Newman projections, draw all staggered and eclipsed conformations that result from rotation around the indicated 
bond in each molecule; (b) draw a graph of energy versus dihedral angle for rotation around this bond. 


[1] CHaCHa7CHəCHCHa [2] CHCH- CHCH;CHs 


CH3 
Label the sites of torsional and steric strain in each conformation. 
H 
CH. 
H CH; H~ HCH, Ho HLH 
a. b. (ow 
H 
CH; H CHCH; 
CH3 CHa CH3CHs 


Calculate the barrier to rotation for each designated bond. 
a. CHg—CH(CH3)2 b. CH3—C(CHs)3 


The eclipsed conformation of CH3CH2Cl is 15 kJ/mol less stable than the staggered conformation. How much is the H,Cl 
eclipsing interaction worth in destabilization? 


(a) Draw the anti and gauche conformations for ethylene glycol (HOCH 2CH2OH). (b) Ethylene glycol is unusual in that the gauche 
conformation is more stable than the anti conformation. Offer an explanation. 


Conformations and Stereoisomers in Cycloailkanes 


4.55 


4.56 
4.57 


4.58 


For each compound drawn below: 

a. Label each OH, Br, and CH; group as axial or equatorial. 

b. Classify each conformation as cis or trans. 

c. Translate each structure into a representation with a hexagon for the six-membered ring, and wedges and dashes for groups 
above and below the ring. 

d. Draw the second possible chair conformation for each compound. 


Br H 


H 
OH 
[1] roi (21 To [3] r AT we 


H H H 


Draw the two possible chair conformations for cis-1,3-dimethylcyclohexane. Which conformation, if either, is more stable? 


For each compound drawn below: 

a. Draw representations for the cis and trans isomers using a hexagon for the six-membered ring, and wedges and dashes for 
substituents. 

b. Draw the two possible chair conformations for the cis isomer. Which conformation, if either, is more stable? 

. Draw the two possible chair conformations for the trans isomer. Which conformation, if either, is more stable? 

d. Which isomer, cis or trans, is more stable and why? 


oral Xo 


Convert each of the following structures into its more stable chair form. One structure represents menthol and one represents 
isomenthol. Menthol, the more stable isomer, is used in lip balms and mouthwash. Which structure corresponds to menthol? 


OH OH 


O 
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4.59 Glucose is a simple sugar with five substituents bonded to a six-membered ring. 


HO a. Using a chair representation, draw the most stable arrangement of these substituents on the six- 
1e) membered ring. 
HO OH b. Convert this representation into one that uses a hexagon with wedges and dashes. 
HO OH 
glucose 


4.60 Galactose is a simple sugar formed when lactose, a carbohydrate in milk, is hydrolyzed. Individuals with galactosemia, a rare 
inherited disorder, lack an enzyme needed to metabolize galactose, and must avoid cow’s milk and all products derived from 
cow’s milk. Galactose is a stereoisomer of glucose (Problem 4.59). 


HO 


a. Draw both chair forms of galactose and label the more stable conformation. 
OH b. Which simple sugar, galactose or glucose, is more stable? Explain. 

/ c. Draw a constitutional isomer of galactose. 

HO on d. Draw a stereoisomer of galactose that is different from glucose. 


HO 


galactose 


Constitutional Isomers and Stereoisomers 
4.61 Classify each pair of compounds as constitutional isomers, stereoisomers, identical molecules, or not isomers of each other. 


ae ae and [ e. Q and Con 


CHCH 
CHCH 
TE * eaa D ETA 
CHaCH> CHsCH2 
CH3 CHCH 
H 
E > e E i g. onon OT and wA 
H H 
CHCH CHCH; 
d. wa CY h. and a i a 
“CH2CH3 
CH2CH3 
4.62 Classify each pair of compounds as constitutional isomers or identical molecules. 
CH ~c Toui 
3 3 CHa H 
Boa H CHa H 
b. and 
iy H CH3 CH; CH, z 


4.63 Draw a constitutional isomer and a stereoisomer for each compound. 


4.64 Draw the three constitutional isomers having molecular formula C7H4, that contain a five-membered ring and two methyl groups 
as substituents. For each constitutional isomer that can have cis and trans isomers, draw the two stereoisomers. 
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Oxidation and Reduction 


4.65 Classify each reaction as oxidation, reduction, or neither. 


CH3 CH,Br 
a. CH3,CHO =S CHCH OH C. CY =<" CY 


b. CH=CH; ——*+ H-C=C-H d. CHaCH,OH 


CH=CH; 
4.66 Draw the products of combustion of each alkane. 
a. CH3CH2CH2CH2CH(CH3)2 b AEn 
4.67 Hydrocarbons like benzene are metabolized in the body to arene oxides, which rearrange to form phenols. This is an example 


of a general process in the body, in which an unwanted compound (benzene) is converted to a more water-soluble derivative 
called a metabolite, so that it can be excreted more readily from the body. 
O” 


OC — Q 


benzene arene oxide phenol 


a. Classify each of these reactions as oxidation, reduction, or neither. 
b. Explain why phenol is more water soluble than benzene. This means that phenol dissolves in urine, which is largely water, to 
a greater extent than benzene. 
Lipids 
4.68 Which of the following compounds are lipids? 


OH 
ö HO HO 
a. HO OH (om d. HO O 
mevalonic acid HO estradiol o OH 
HO OH 


sucrose 


squalene 


4,69 Cholic acid, a compound called a bile acid, is converted to a bile salt in the body. Bile salts have properties similar to soaps, 
and they help transport lipids through aqueous solutions. Explain why this is so. 


j I 
oH COH OH CNHCH;CH,SO3-Na* 


HO OH HO OH 
cholic acid bile salt 
a bile acid 


4.70 Mineral oil, a mixture of high molecular weight alkanes, is sometimes used as a laxative. Why are individuals who use mineral oil 
for this purpose advised to avoid taking it at the same time they consume foods rich in fat-soluble vitamins such as vitamin A? 
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Challenge Problems 


4.71 Cyclopropane and cyclobutane have similar strain energy despite the fact that the C-C-—C bond angles of cyclopropane are 
much smaller than those of cyclobutane. Suggest an explanation for this observation, considering all sources of strain 


discussed in Chapter 4. 
4.72 Although penicillin G has two amide functional groups, one is much more reactive than the other. Which amide is more reactive 
and why? 


S CH; 
O N2 Son; 
o 


penicillin G COOH 


4.73 Haloethanes (CH3gCHoX, X = Cl, Br, I) have similar barriers to rotation (13.4-15.5 kJ/mol) despite the fact that the size of the 
halogen increases, Cl — Br — I. Offer an explanation. 


4.74 When two six-membered rings share a C~C bond, this bicyclic system is called a decalin. There are two possible 
arrangements: trans-decalin having two hydrogen atoms at the ring fusion on opposite sides of the rings, and cis-decalin having 
the two hydrogens at the ring fusion on the same side. 


o p 


decalin trans-decalin cis-decalin 


a. Draw trans- and cis-decalin using the chair form for the cyclohexane rings. 
b. The trans isomer is more stable. Explain why. 


4.75 Consider the tricyclic structure A. (a) Label each substituent on the rings as axial or equatorial. (b) Draw a skeletal structure 
for A, using wedges and dashes to show whether the substituents are located above or below the rings. 


4.76 Consider the tricyclic structure B. (a) Label each substituent on the rings as axial or equatorial. (6) Draw B using chair 
conformations for each six-membered ring. (c) Label the atoms on the ring fusions (the carbons that join each set of two rings 


together) as cis or trans to each other. 


4.77 Read Appendix B on naming branched alkyl substituents, and draw all possible alkyl groups having the formula C;H,;—. Give 
the IUPAC names for the eight compounds of molecular formula Cj Heo that contain a cyclopentane ring with each of these 


alkyl groups as a substituent. 
4.78 Read Appendix B on naming bicyclic compounds. Then give the IUPAC name for each of the following compounds. 


Starch and cellulose 


5.2 The two major classes 
of isomers 


5.3 Looking glass 
chemistry—Chiral and 
achiral molecules 


5.4 Stereogenic centers 


5.5 Stereogenic centers 
in cyclic compounds 


5.6 Labeling stereogenic 
centers with R or S 


5.7 Diastereomers 

5.8 Meso compounds 

5.9 Rand S assignments in 
compounds with two or 
more stereogenic centers 

5.10 Disubstituted 
cycloalkanes 

5.11 lsomers—A summary 

5.12 Physical properties 
of stereoisomers 

5.13 Chemical properties 
of enantiomers 


Thalidomide is a drug sold as a mixture of two stereoisomers that are mirror images of each 
other. Although thalidomide was once prescribed as a sedative and anti-nausea drug for preg- 
nant women in Great Britain and Europe, this use was discontinued because one stereoisomer 
had beneficial effects, while the other stereoisomer produced fetal abnormalities. Today, 
thalidomide is prescribed under strict controls for the treatment of Hansen's disease (leprosy). 
Until 1969, individuals in Hawai'i with Hansen's disease were sent to Kalaupapa, a remote and 
inaccessible peninsula on the Hawaiian island of Moloka’i. Thus, the story of thalidomide is 
complex, but it begins with an understanding of how small structural differences can have a 
large effect on the properties of a molecule, the topic of Chapter 5. 
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Are you left-handed or right-handed? If you’re right-handed, you’ve probably spent 
little time thinking about your hand preference. If you’re left-handed, though, you probably 
learned at an early age that many objects—like scissors and baseball gloves—“fit” for righties, 
but are “backwards” for lefties. Hands, like many objects in the world around us, are mirror 
images that are not identical. 


In Chapter 5 we examine the “handedness” of molecules, and ask, “How important is the three- 
dimensional shape of a molecule?” 


Starch and Cellulose 


Recall from Chapter 4 that stereochemistry is the three-dimensional structure of a molecule. 
How important is stereochemistry? Two biomolecules—starch and cellulose—illustrate how 
apparently minute differences in structure can result in vastly different properties. 


Starch and cellulose are two polymers that belong to the family of biomolecules called carbo- 
hydrates (Figure 5.1). A polymer is a large molecule composed of repeating smaller units— 
called monomers—that are covalently bonded together. 


Starch is the main carbohydrate in the seeds and roots of plants. When we humans ingest wheat, 
rice, or potatoes, for example, we consume starch, which is then hydrolyzed to the simple sugar 
glucose, one of the compounds our bodies use for energy. Cellulose, nature’s most abundant 
organic material, gives rigidity to tree trunks and plant stems. Wood, cotton, and flax are com- 
posed largely of cellulose. Complete hydrolysis of cellulose also forms glucose, but unlike 
starch, humans cannot metabolize cellulose to glucose. In other words, we can digest starch but 
not cellulose. 


Cellulose and starch are both composed of the same repeating unit—a six-membered ring con- 
taining an oxygen atom and three OH groups—joined by an oxygen atom. They differ in the 
position of the O atom joining the rings together. 


In cellulose, the O occupies 
the equatorial position. 


— a Soe starch, the O occupies 
repeating unit the axial — a Soe 


e In cellulose, the O atom joins two rings using two equatorial bonds. 
e In starch, the O atom joins two rings using one equatorial and one axial bond. 


Te OH axial 


equatorial 
Siet Se 
HOS 
mh H ont 
two equatorial bonds one axial, one equatorial bond 


Starch and cellulose are isomers because they are different compounds with the same molecular 
formula (C6H1005)„. They are stereoisomers because only the three-dimensional arrangement 
of atoms is different. 
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Figure 5.1 
Starch and 
cellulose— 

Two common 
carbohydrates 


as “is anes rich in starch 
amylose 
(one form of starch) 


hydrolysis 


OH 
HO Q - — wheat 
HO OH : This OH can be either 


HO axial or equatorial. 
glucose 


hydrolysis 


| cellulose = 


cotton plant 


cotton fabric 


Figure 5.2 


Three-dimensional structure 
of cellulose and starch 


Problem 5.1 


5.2 


5.2 The Two Major Classes of Isomers 169 


Cellulose l Starch 


Cellulose consists of an extensive three-dimensional The starch polymer is composed 
network held together by hydrogen bonds. of chains that wind into a helix. 


How the six-membered rings are joined together has an enormous effect on the shape and proper- 
ties of these carbohydrate molecules. Cellulose is composed of long chains held together by 
intermolecular hydrogen bonds, thus forming sheets that stack in an extensive three-dimensional 
network. The axial-equatorial ring junction in starch creates chains that fold into a helix (Fig- 
ure 5,2), Moreover, the human digestive system contains the enzyme necessary to hydrolyze 
starch by cleaving its axial C-O bond, but not an enzyme to hydrolyze the equatorial C-O 
bond in cellulose. 


Thus, an apparently minor difference in the three-dimensional arrangement of atoms con- 
fers very different properties on starch and cellulose. 


Cellulose is water insoluble, despite its many OH groups. Considering its three-dimensional 
structure, why do you think this is so? 


The Two Major Classes of Isomers 


Because an understanding of isomers is integral to the discussion of stereochemistry, let’s begin 
with an overview of isomers. 


e Isomers are different compounds with the same molecular formula. 


There are two major classes of isomers: constitutional isomers and stereoisomers. Constitu- 
tional (or structural) isomers differ in the way the atoms are connected to each other. Con- 
stitutional isomers have: 


e different IUPAC names; 

e the same or different functional groups; 

e different physical properties, so they are separable by physical techniques such as distilla- 
tion; and 

e different chemical properties. They behave differently or give different products in chemical 
reactions. 
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Figure 5.3 
A comparison of constitutional 
isomers and stereoisomers 


Despite the dominance of 
right-handedness over left- 
handedness, even identical 
twins can exhibit differences 

in hand preference. Pictured 
are Zachary (left-handed) 

and Matthew (right-handed), 
identical twin sons of the author. 


CoH, CeHi4 C7H;4 C7H4 
CHsCHCH,CHsCHs and CHgCH,CHCH;CHg m 
CHa CHa r 
2-methylpentane 3-methylpentane CH3 CH3 CH, CH, 


i cis-1,2-dimethyl- trans-1,2-dimethyl- 
same molecular formula | cyclopentane cyclopentane 
different names | — eel 
same molecular formula 
constitutional isomers same name except for the prefix 


stereoisomers 


Stereoisomers differ only in the way atoms are oriented in space. Stereoisomers have identi- 
cal IUPAC names (except for a prefix like cis or trans). Because they differ only in the three- 
dimensional arrangement of atoms, stereoisomers always have the same functional group(s). 


A particular three-dimensional arrangement is called a configuration. Thus, stereoisomers 
differ in configuration. The cis and trans isomers in Section 4.13B and the biomolecules starch 
and cellulose in Section 5.1 are two examples of stereoisomers. 


Figure 5.3 illustrates examples of both types of isomers. Most of Chapter 5 relates to the types 
and properties of stereoisomers. 


Classify each pair of compounds as constitutional isomers or stereoisomers. 


a. and Pam c. cf and cf 
1@) 
b. [i and [>—oH d. and 


Looking Glass Chemistry—Chiral and Achiral Molecules 


Everything has a mirror image. What’s important in chemistry is whether a molecule is identi- 
cal to or different from its mirror image. 


Some molecules are like hands. Left and right hands are mirror images of each other, but 
they are not identical. If you try to mentally place one hand inside the other hand, you can never 
superimpose either all the fingers, or the tops and palms. To superimpose an object on its mirror 
image means to align all parts of the object with its mirror image. With molecules, this means 
aligning all atoms and all bonds. 


left hand right hand nonsuperimposable 
mirror 


¢ A molecule (or object) that is not superimposable on its mirror image is said to be chiral. 


The adjective chiral comes 
from the Greek cheir, 
meaning “hand.” Left and 
right hands are chiral: they 
are mirror images that do not 
superimpose on each other. 


Few beginning students of 
organic chemistry can readily 
visualize whether a compound 
and its mirror image are 
superimposable by looking at 
drawings on a two-dimensional 
page. Molecular models 

can help a great deal in this 
process. 
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Other molecules are like socks. Two socks from a pair are mirror images that are superim- 
posable. One sock can fit inside another, aligning toes and heels, and tops and bottoms. A sock 
and its mirror image are identical. 


mirror superimposable 
e A molecule (or object) that is superimposable on its mirror image is said to be achiral. 
Let’s determine whether three molecules—H,O, CH,BrCl, and CHBrClF—are superimposable 
on their mirror images; that is, are H,O, CH,BrCl, and CHBrCIF chiral or achiral? 
To test chirality: 


e Draw the molecule in three dimensions. 
e Draw its mirror image. 


e Try to align all bonds and atoms. To superimpose a molecule and its mirror image you can 
perform any rotation but you cannot break bonds. 


Following this procedure, H,O and CH,BrCl are both achiral molecules because each molecule 


is superimposable on its mirror image. 
The bonds and atoms align. | 
H20 AN AN d | H0 is achiral. | 
+ s 7 


mirror 


——— 


_ The bonds and atoms align. 


sih A 


W 


Rotate the molecule | | 
mirror to align bonds. | 
CH,BrCl is achiral. 


With CHBrCIF, the result is different. The molecule (labeled A) and its mirror image (labeled B) 
are not superimposable. No matter how you rotate A and B, all the atoms never align. CHBrClF 
is thus a chiral molecule, and A and B are different compounds. 


Shi wh 
^ mirror ° | era 


not superimposable These atoms don't align. 


CHBICIF is a chiral molecule. 
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Naming a carbon atom 

with four different groups 

is a topic that currently has 
no firm agreement among 
organic chemists. The IUPAC 
recommends the term chirality 
center, but the term has not 
gained wide acceptance 
among organic chemists 
since it was first suggested in 
1996, Other terms in common 
use are chiral center, chiral 
carbon, asymmetric carbon, 
stereocenter, and stereogenic 
center, the term used in this 
text. 


Problem 5.3 


Chapter5 Stereochemistry 


A and B are stereoisomers because they are isomers differing only in the three-dimensional 
arrangement of substituents. These stereoisomers are called enantiomers. 


e Enantiomers are mirror images that are not superimposable. 


CHBrCIF contains a carbon atom bonded to four different groups. A carbon atom bonded to 
four different groups is called a tetrahedral stereogenic center. Most chiral molecules contain 
one or more stereogenic centers. 


The general term stereogenic center refers to any site in a molecule at which the interchange of 
two groups forms a stereoisomer. A carbon atom with four different groups is a tetrahedral 
stereogenic center, because the interchange of two groups converts one enantiomer into another. 
We will learn about another type of stereogenic center in Section 8.2B. 


We have now learned two related but different concepts, and it is necessary to distinguish 
between them. 


e A molecule that is not superimposable on its mirror image is a chiral molecule. 
+ A carbon atom bonded to four different groups is a stereogenic center. 


Molecules can contain zero, one, or more stereogenic centers. 


e With no stereogenic centers, a molecule generally is not chiral. HO and CH,BrCl have 
no stereogenic centers and are achiral molecules. (There are a few exceptions to this gener- 
alization, as we will learn in Section 17.5.) 

¢ With one tetrahedral stereogenic center, a molecule is always chiral. CHBrCIF is a chiral 
molecule containing one stereogenic center. 

e With two or more stereogenic centers, a molecule may or may not be chiral, as we will 
learn in Section 5.8. 


Draw the mirror image of each compound. Label each molecule as chiral or achiral. 
qs qho H F 

a. Circi b. wat: we 
of” Neha ae th ` 


(0) d. 
S CHCH3 


* CHS SCH, F 


When trying to distinguish between chiral and achiral compounds, keep in mind the following: 


e A plane of symmetry is a mirror plane that cuts a molecule in half, so that one half of 
the molecule is a reflection of the other half. 


e Achiral molecules usually contain a plane of symmetry but chiral molecules do not. 
The achiral molecule CH,BrCl has a plane of symmetry, but the chiral molecule CHBrCIF 
does not. 


CHBrCIF 
NO plane of symmetry 


CH,BrCl 
plane of oo 


Aligning the C-C! and C—Br bonds 
in each molecule: 


“This molecule has 


es lgentical Hewes: CHBrCIF is chiral. | 


| -CH,BICl is s achiral. 


d 


Figure 5.4 


Summary: The basic 
principles of chirality 


Problem 5.4 


Problem 5.5 


When a right-handed shell is 
held in the right hand with the 
thumb pointing towards the 
wider end, the opening is on 
the right side. 


5.4 


5.4A 
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e Everything has a mirror image. The fundamental question is whether a molecule and its mirror 
image are superimposable. 

e If a molecule and its mirror image are not superimposable, the molecule and its mirror image 
are chiral. 

e The terms stereogenic center and chiral molecule are related but distinct. In general, a chiral 
molecule must have one or more stereogenic centers. 

e The presence of a plane of symmetry makes a molecule achiral. 


Figure 5.4 summarizes the main facts about chirality we have learned thus far. 


Draw in a plane of symmetry for each molecule. 


HH CH CH 
zy 3 H 3 CHCH Ch pr 
EEE E x b. c. ag d of Qing 
CHa Chs H H cl Cl 


A molecule is achiral if it has a plane of symmetry in any conformation. The given conformation of 
2,3-dibromobutane does not have a plane of symmetry, but rotation around the C2- C3 bond forms 
a conformation that does have a plane of symmetry. Draw this conformation. 


CH H 
$ SaBr 
wo-G 
“HL N 
H CHs 
C2 C3 


Stereochemistry may seem esoteric, but chirality pervades our very existence. On a molecular 
level, many biomolecules fundamental to life are chiral. On a macroscopic level, many naturally 
occurring objects possess handedness. Examples include chiral helical seashells shaped like 
right-handed screws, and plants such as honeysuckle that wind in a chiral left-handed helix. The 
human body is chiral, and hands, feet, and ears are not superimposable. 


Stereogenic Centers 


A necessary skill in the study of stereochemistry is the ability to locate and draw tetrahedral 
stereogenic centers. 


Stereogenic Centers on Carbon Atoms That Are Not Part of a Ring 


Recall from Section 5.3 that any carbon atom bonded to four different groups is a tetra- 
hedral stereogenic center. To locate a stereogenic center, examine each tetrahedral carbon 
atom in a molecule, and look at the four groups—not the four atoms—bonded to it. CBrCIFI 
has one stereogenic center because its central carbon atom is bonded to four different ele- 
ments. 3-Bromohexane also has one stereogenic center because one carbon is bonded to 
H, Br, CH»CH3, and CH,CH,CH3. We consider all atoms in a group as a whole unit, not just 
the atom directly bonded to the carbon in question. 


This C is bonded to: H 


m Br 
i. i CH,CH, 


Cl G1 | CH3CH3 LE crono CH2CH2CH; 
Gemo] E 


stereogenic center 


stereogenic center two different alkyi groups 


3-bromohexane 
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Ephedrine is isolated from 

ma huang, an herb used to 
treat respiratory ailments in 
traditional Chinese medicine. 
Once a popular drug to 
promote weight loss and 
enhance athletic performance, 
ephedrine has now been linked 
to episodes of sudden death, 
heart attack, and stroke. 


Sample Problem 5.1 


Heteroatoms surrounded 
by four different groups are 
also stereogenic centers. 
Stereogenic N atoms are 
discussed in Chapter 25. 


Chapter5 Stereochemistry 


Always omit from consideration all C atoms that can’t be tetrahedral stereogenic centers. These 
include: 

¢ CH, and CH; groups (more than one H bonded to C) 

e any sp or sp? hybridized C (less than four groups around C) 
Larger organic molecules can have two, three, or even hundreds of stereogenic centers. Propoxy- 


phene and ephedrine each contain two stereogenic centers, and fructose, a simple carbohydrate, 
has three. 


CH OH 
Gis i. y b=0 
C \-cy-¢—F-cH,wor C \-¢—e-oh , 
i «3 ny HO-C—H 
O H OH CH3 ly 
4 h HG OH 
“A ephedrine A 
CHCH `O (bronchodilator, decongestant) H ç OH 
CHOH 
propoxyphene 
Trade name: Darvon fructose 
(analgesic) [* = stereogenic center] (a simple sugar) 


Locate the stereogenic center in each drug. Albuterol is a bronchodilator —that is, it widens 
airways—so it is used to treat asthma. Chloramphenicol is an antibiotic used extensively in 
developing countries because of its low cost. 


OH H Cl 
OH y^ 
a. HO G—CH,NHC(CHs)s b; O 
H ON HO 
He albutero! chloramphenicol 
Solution 


Omit all CH, and CH; groups and all doubly bonded (sp? hybridized) C’s. In albuterol, one C has 
three CH3 groups bonded to it, so it can be eliminated as well. When a molecule is drawn as a 
skeletal structure, draw in H atoms on tetrahedral C’s to more clearly see the groups. This leaves 
one C in albuterol and two C's in chloramphenicol surrounded by four different groups, making 
them stereogenic centers. 


— -| OH stereogenic —_ —_ center 
~ center H 
| | N Hi 


i 
f | 
HO ! Ga CHANHC(CHa)a | b. ä 


| 


HO H | stereogenic center ON oH O 


k. 


Locate the stereogenic centers in each molecule. Compounds may have zero, one, or more 
stereogenic centers. 

a. CH3CH2CH(Cl)CHsCH3 d. 
b. CH3CH(OH)CH = CH3 e. 
c. CHCH2CH2OH 


(CHg)eCHCH2CH2CH(CHs)CH2CH3 
(CHs)2>CHCH2CH(NH2)COOH 


AAAA- 


sa 


Problem 5.7 


5.4B 
stereogenic center 
H 
l 
CHg—G —CH2CH3 
OH 
2-butanol 


In Section 28.2, we will learn 
about Fischer projection 
formulas, an older convention 
used for drawing stereogenic 
centers utilized mainly in 
carbohydrate chemistry. 


Problem 5.8 


Figure 5.5 
Three-dimensional 
representations for pairs 
of enantiomers 
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The facts in Section 5.4A can be used to locate stereogenic centers in any molecule, no matter how 
complicated. Always look for carbons surrounded by four different groups. With this in mind, locate 
the four stereogenic centers in aliskirin, a drug introduced in 2007 for the treatment of hypertension. 


Ox UNH, 
OH i 
HoN N 
fe) 


aliskiren 


CHO ~_-O 


CH,O 


Drawing a Pair of Enantiomers 


e Any molecule with one tetrahedral stereogenic center is a chiral compound and exists 
as a pair of enantiomers. 


2-Butanol, for example, has one stereogenic center. To draw both enantiomers, use the typical 
convention for depicting a tetrahedron: place two bonds in the plane, one in front of the plane 
on a wedge, and one behind the plane on a dash. Then, to form the first enantiomer A, arbi- 
trarily place the four groups—H, OH, CH3, and CH,CH;—on any bond to the stereogenic center. 


Draw the molecule...then the mirror image. 


a ae 
<i Cr, wc = 
CHACH; Nol bo” CH.CH, ə 
ð + A B à » 


mirror 
not superimposable 


Then, draw a mirror plane and arrange the substituents in the mirror image so that they are a 
reflection of the groups in the first molecule, forming B. No matter how A and B are rotated, it is 
impossible to align all of their atoms. Because A and B are mirror images and not superimpos- 
able, A and B are a pair of enantiomers. Two other pairs of enantiomers are drawn in Figure 5.5. 


Locate the stereogenic center in each compound and draw both enantiomers. 
a. CH3CH(Cl)CHsCH3 b. CH3CH2CH(OH)CH2OH c. CH3SCHsCH2,CH(NH2)COOH 


| 3-Bromohexane 


Remember: H and Br are directly aligned, 
| one behind the a 


Alanine, an amino acid 


ii TOR 


CG C H, Br Br H 
ÇH HN p e -e 
CHy NH, Hn CHs 4 : 


enantiomers 


[* = stereogenic center] 
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5.9 


In drawing a tetrahedron 

using solid lines, wedges, and 
dashes, always draw the two 
solid lines first; then draw the 
wedge and the dash on the 
opposite side of the solid lines. 


| If you draw the two 
| solid lines down... 


| then add the wedge 
and dash above. 


| If you draw the two 
solid lines on the left... 


then add the wedge 
and dash to the right. 


Dende 


Two enantiomers are different 
compounds. To convert one 
enantiomer to another you 
must switch the position of 
two atoms. This amounts to 
breaking bonds. 


Stereogenic Centers in Cyclic Compounds 


Stereogenic centers may also occur at carbon atoms that are part of a ring. To find stereogenic 
centers on ring carbons always draw the rings as flat polygons, and look for tetrahedral carbons 
that are bonded to four different groups, as usual. Each ring carbon is bonded to two other atoms 
in the ring, as well as two substituents attached to the ring. When the two substituents on the ring 
are different, we must compare the ring atoms equidistant from the atom in question. 


Does methylcyclopentane have a stereogenic center? All of the carbon atoms are bonded to two 
or three hydrogen atoms except for C1, the ring carbon bonded to the methyl group. Next, com- 
pare the ring atoms and bonds on both sides equidistant from C1, and continue until a point of 
difference is reached, or until both sides meet, either at an atom or in the middle of a bond. In this 
case, there is no point of difference on either side, so C1 is bonded to identical alkyl groups that 
happen to be part of a ring. C1, therefore, is not a stereogenic center. 


| Is C1 a stereogenic center? 


Ci 


ji jz H 
CH A “i O; C1 is not a stereogenic center. 
3 | Hg 
methylcyclopentane two identical groups, 


equidistant from C1 


With 3-methylcyclohexene, the result is different. All carbon atoms are bonded to two or three 
hydrogen atoms or are sp” hybridized except for C3, the ring carbon bonded to the methyl group. 
In this case, the atoms equidistant from C3 are different, so C3 is bonded to different alkyl groups 
in the ring. C3 is therefore bonded to four different groups, making it a stereogenic center. 


Is C3 a stereogenic center? | c3 These® C's are diferent 


H SES C3 is a stereogenic center. 
CH, 


3-methylcyclohexene 


Because 3-methylcyclohexene has one tetrahedral stereogenic center it is a chiral compound and 
exists as a pair of enantiomers. 


oe Oe a) APE cw 
Lee 


Many biologically active compounds contain one or more stereogenic centers on ring carbons. 
For example, thalidomide, the chapter-opening molecule, contains one such stereogenic center, 


| Two enantiomers of thalidomide | 


stereogenic pS. af. center 
WE A 
ie) (@) 


anti-nausea drug teratogen 


Initial studies with taxol were 
carried out with material 
isolated from the bark of 

the Pacific yew tree, but 
stripping the bark killed these 
magnificent trees. Taxol is 
now produced by a plant cell 
fermentation process. 


Problem 5.9 


Problem 5.10 
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Unfortunately thalidomide was sold as a mixture of its two enantiomers, and each of these ste- 
reoisomers has a different biological activity. This is a property not uncommon in chiral drugs, as 
we will see in Section 5.13. Although one enantiomer was an effective sedative and anti-nausea 
drug, the other enantiomer was responsible for thousands of catastrophic birth defects in children 
born to women who took the drug during pregnancy. Thalidomide was never approved for use in 
the United States due to the diligence of Frances Oldham Kelsey, a medical reviewing officer for 
the Food and Drug Administration, who insisted that the safety data on thalidomide were inad- 
equate. Although it is a potent teratogen (a substance that causes fetal abnormalities), thalidomide 
exhibits several beneficial effects. It is now prescribed under strict control for the treatment of 
Hansen’s disease (leprosy) and certain forms of cancer. 


Sucrose and taxol are two useful molecules with several stereogenic centers at ring carbons. 
Identify the stereogenic centers in these more complicated compounds in exactly the same way, 
looking at one carbon at a time. Sucrose, with nine stereogenic centers on two rings, is the car- 
bohydrate used as table sugar. Taxol, with 11 stereogenic centers, is an anticancer agent active 
against ovarian, breast, and some lung tumors, 


OH 3 
HO = 
sucrose taxol ò H: 
(table sugar) Trade name: Paclitaxel O=% OL 
(anticancer agent) F CHa 
[* = stereogenic center] o 


Locate the stereogenic centers in each compound. A molecule may have zero, one, or more 
stereogenic centers. Gabapentin [part (d)] is used clinically to treat seizures and certain types of 
chronic pain. Gabapentin enacarbil [part (e)] is a related compound that is three times more potent. 


a. Cı e. o *O" ON COH 
H 
gabapentin enacarbil 
Cl NH» 
ul ak 
CI COH 


gabapentin 


Locate the stereogenic centers in each compound. 


O 
ys OH 
Q. 
a. b. 
O 


HO , , 
cholesterol simvastatin 


Trade name: Zocor 
(cholesterol-lowering drug) 


178 


Naming enantiomers with the 
prefixes R or S is called the 
Cahn-Ingold-Prelog system 
after the three chemists who 


devised it. 
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5.6 Labeling Stereogenic Centers with R or S 


Because enantiomers are two different compounds, we need to distinguish them by name. This 
is done by adding the prefix R or S to the IUPAC name of the enantiomer. To designate an enan- 
tiomer as R or S, first assign a priority (1, 2, 3, or 4) to each group bonded to the stereogenic 
center, and then use these priorities to label one enantiomer R and one S. 


Rules Needed to Assign Priority 


Rule 1 Assign priorities (1, 2, 3, or 4) to the atoms directly bonded to the stereogenic center in order of 
decreasing atomic number. The atom of highest atomic number gets the highest priority (1). 


e In CHBrCIF, priorities are assigned as follows: Br (1, highest) > Cl (2) > F (3) > H (4, 
lowest). In many molecules the lowest priority group will be H. 
4—H 
3 — FCB —1 
2—Cl 


Rule 2 If two atoms on a stereogenic center are the same, assign priority based on the atomic number of 
the atoms bonded to these atoms. One atom of higher atomic number determines a higher priority. 


e With 2-butanol, the O atom gets highest priority (1) and H gets lowest priority (4) using 
Rule 1. To assign priority (either 2 or 3) to the two C atoms, look at what atoms (other than 
the stereogenic center) are bonded to each C. 


Following Rule 1: Adding Rule 2: 
4 (lowest atomic number) ii 
| | This C is bonded to 2 H's and 1 C. | §-C—CH, 
2or3 | 
H H | H 


a ; Peek. 
| 2-butanol | CHs-G—CH,CH, | CHs~C—CH,CH, higher priority group (2) 


f oH OH P 
20r3 i iee | a 3 
1 (highest atomic number) | This Cis bonded to 3 H's. ae men PRE group: (2) 
H 


e The order of priority of groups in 2-butanol is: -OH (1), -CH CH; (2), — CH; (3), and -H (4). 
e If priority still cannot be assigned, continue along a chain until a point of difference is reached. 


Rule 3 __ If two isotopes are bonded to the stereogenic center, assign priorities in order of decreasing mass 
number. 


e In comparing the three isotopes of hydrogen, the order of priorities is: 


Mass number Priority 
T (tritium) 3 (1 proton + 2 neutrons) 1 
D (deuterium) 2 (1 proton + 1 neutron) 2 
H (hydrogen) 1 (1 proton) 3 


Rule4 To assign a priority to an atom that is part of a multiple bond, treat a multiply bonded atom as an 
equivalent number of singly bonded atoms. 


e For example, the C ofa C=O is considered to be bonded to two O atoms. 


bonded to a stereogenic center here 
equivalent to Q Ç 
gt ay SSeS > $— C- ~<— Consider this O 


h h bonded to 2 C’s. 


Consider this C bonded to 2 O's: 
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e Other common multiple bonds are drawn below. 


equivalent to jii equivalent to Ç Ç 
RE oe dEr al a celal ee 
H H H,H CC 


Each atom in the double bond Each atom in the triple bond 
is drawn twice. is drawn three times. 


Figure 5.6 highest atomic number = 
Examples of assigning highest priority 
priorities to stereogenic centers m 
| 


[4] Ey 
Br CHCHCH3 i 
4  H=Ọ-Chal Fil 4 CHa=G—-CHCHCH;CH;CH; 2 4 H=G—-CH20H | 3 
ca > CH(CHg)2 -COOH 
2| BEI ft 2| 
Lis NOT bonded directly This is the highest priority C since This C is considered 
to the stereogenic center. it is bonded to 2 other C’s. bonded to 3 O's. 
[* = stereogenic center] 
Problem 5.11 Which group in each pair is assigned the higher priority? 
a = CHa, = CH2CH3 oe, =H; =D oy = CH2CH,Cl, = CH2CH(CHs)o 
b. -I, -Br d. -CH2Br, - CH2CH,Br f. -CH,OH, - CHO 
Problem 5.12 Rank the following groups in order of decreasing priority. 
A , F a. —- COOH, -H, - NH3, - OH c. —CH2CH3, = CHs, =H, = CH(CHs)2 
A is:derived trom: the Latin b. =H, —CHs, = CI, -CH,Cl d. -CH=CH;, -CH;, -C=CH, -H 


word rectus meaning “right” — 
and S is from the Latin word 


sinister meaning “afk Once priorities are assigned to the four groups around a stereogenic center, we can use three steps 


to designate the center as either R or S. 


How To Assign R or S to a Stereogenic Center 


Example Label each enantiomer as R or S. 


ou i 

HON OKH 

CHÍ ~CH»CH, CHCH3 Xch, 
A B 


two enantiomers of 2-butanol 


Step [1] Assign priorities from 1 to 4 to each group bonded to the stereogenic center. 


¢ The priorities for the four groups around the stereogenic center in 2-butanol were given in Rule 2, on page 178. 


-OH  -CHCH; -CH3 -H 
1 2 3 4 
highest lowest 


[mM eereasing priority — 


— Continued 
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How To, continued » 


Step [2] Orient the molecule with the lowest priority group (4) back (on a dash), and visualize the relative positions 
of the remaining three groups (priorities 1, 2, and 3). 


e For each enantiomer of 2-butanol, look toward the lowest priority group, drawn behind the plane, down the 


C-H bond. 
a = 
5 [a] 14] 
——— 4| haka ay = gp! i |e ~ 
ee Mar ooh E H B] e 
E E 
Looking toward priority group 4 and 
| visualizing priority groups 1, 2, and 3. 
[1] [a] 
.— — — — -— OH — li tc 
enantiomer B ~~ a | 4| 7i 4 
—— a“ WH — = cc — 
CHOE Non ay Yal 
mo e aiik 


Step [3] Trace a circle from priority group 1 > 2 > 3. 


e |f tracing the circle goes in the clockwise direction—to the right from the noon position—the isomer is named R. 
e |f tracing the circle goes in the counterclockwise direction—to the left from the noon position—the isomer is 


named S. 
AIN 
a“ 


3. 


|2] |2 

5 : n oe | 
clockwise counterclockwise 
| Risomer | Sisomer 


¢ The letters R or S precede the IUPAC name of the molecule. For the enantiomers of 2-butanol: 


Hs 
CHÍ CHCH Enantiomer A is 


3 ] __ l (2R)-2-butanol. 


clockwise counterclockwise 


Enantiomer B is 
(2S)-2-butanol. 


| R isomer | | s isomer 


| 
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Sample Problem 5.2 Label the following compound as R or S. 


Cl 
é 
CHCH Na 
Solution 
[1] Assign priorities. [2] Look down the C-H bond, toward | [3] Trace a circle, 172-3. 
the lowest priority group (H). 
2) [2] 
Gl T. Cl 
[3] bin 4 | el | A 
CHyCHy Nat rH 
aha Br CHaCH3 ‘pr 
[+] i] 


counterclockwise 


Answer: S isomer 


How do you assign R or S to a molecule when the lowest priority group is not oriented toward 
the back, on a dashed line? You could rotate and flip the molecule until the lowest priority group 
is in the back, as shown in Figure 5.7; then follow the stepwise procedure for assigning the con- 
figuration. Or, if manipulating and visualizing molecules in three dimensions is difficult for you, 
try the procedure suggested in Sample Problem 5.3. 


Figure 5.7 [2] [2] 


Examples: Orienting the lowest L 
priority group in back pb 


clockwise 


S isomer 
1 2 


counterclockwise 


Sample Problem 5.3 Label the following compound as R or S. 
oH 


Gis, 
(CH,),CH RN otaCHs 


Solution 
In this problem, the lowest priority group (H) is oriented in front of, not behind, the page. To assign 
R or S in this case: 


e Switch the position of the lowest priority group (H) with the group located behind the page 
(— CH2CHs). 
e Determine R or S in the usual manner. 
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e Reverse the answer. Because we switched the position of two groups on the stereogenic 
center to begin with, and there are only two possibilities, the answer is opposite to the correct 


answer. 
[1] Assign priorities, [2] Switch groups 4 and 3. [3] Trace a circle, 1 — 2 > 3, and 
reverse the answer. 
[1] [a] Answer: R isomer 


i o gr we 


(CH,),CH AÇ CHCH. (CH,)CH™ 
fa] (CHa)eCH” YOH CH; 


counterclockwise 
It looks like an S isomer, but we 
must reverse the answer because 
we switched groups 3 and 4, S >R. 


Problem 5.13 Label each compound as R or S. 


ci COOH i T 
a CHS Va D oH Nou C: CICH Ti a 


Problem 5.14 Draw both enantiomers of clopidogrel (trade name Plavix), a drug given to prevent the formation of 
blood clots in persons who have a history of stroke or coronary artery disease. Plavix is sold as a 
single enantiomer with the S configuration. Which enantiomer is Plavix? 


CH,0 


clopidogrel 


Problem 5.15 (a) Locate the stereogenic centers in the ball-and-stick model of lisinopril, a drug used to treat high 
blood pressure. (b) Label each stereogenic center as R or S. 


a ee 
Lisinopril Ta ble 


aevi 7 Ap 
@ “yg ~ 
v a oe 
a, @ © “w ? “e 3 
e ®@ @ ú & 
Í v { 
~~ 
ki e@ 
Lisinopril (trade name Zestril) 2 @ 
is an ACE inhibitor, a drug lisinopril 


that lowers blood pressure oe 
by decreasing the amount 

of angiotensin in the blood. 

Angiotensin is a polyamide that 

narrows blood vessels, thus 

increasing blood pressure. 
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5.7 Diastereomers 


We have now seen many examples of compounds containing one tetrahedral stereogenic center. The 
situation is more complex for compounds with two stereogenic centers, because more stereoisomers 
are possible. Moreover, a molecule with two or more stereogenic centers may or may not be chiral. 


e For n stereogenic centers, the maximum number of stereoisomers is 2”. 


e When n =1, 2' = 2. With one stereogenic center there are always two stereoisomers and they 
are enantiomers. 

e When n =2, 2? = 4. With two stereogenic centers, the maximum number of stereoisomers is 
four, although sometimes there are fewer than four. 


Problem 5.16 What is the maximum number of stereoisomers possible for a compound with: (a) three stereogenic 
centers; (b) eight stereogenic centers? 


Let’s illustrate a stepwise procedure for finding all possible stereoisomers using 2,3-dibromo- 


pentane. 
Add substituents around stereogenic centers with 
the bonds eclipsed, for easier visualization. 

In testing t if T ni 
n testing to see if one CH; C- an CHCH; . 
compound is superimposable I | YZ \ g8 
on another, rotate atoms and flip Br Br an => Sai 
the entire molecule, but do not 2,3-dibromopentane rapid 
break any bonds. [* = stereogenic center] eclipsed interconversion staggered 


a maximum number of stereoisomers = 4 


Don't forget, however, that the 
staggered arrangement is more stable. 


Step [1] Draw one stereoisomer by arbitrarily arranging substituents around the stereogenic centers. Then draw its 
mirror image. 


e Arbitrarily add the H, Br, CH3, and CH2CH; groups to the stereogenic centers, forming A. Then draw the mirror image B 
so that substituents in B are a reflection of the substituents in A. 
e Determine whether A and B are superimposable by flipping or rotating one molecule to see if all the atoms align. 


— Continued 
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How To, continued, 


e lf you have drawn the compound and the mirror image in the described manner, you only have to do two operations to 
see if the atoms align. Place B directly on top of A (either in your mind or use models); and, rotate B 180° and place it on 
top of A to see if the atoms align. 


A and B are different compounds. | 


CHgCH2 CH CHa CHCH, CHa CH,CH, 
f rotate j R” 
f Re: Cu, See w —C.,, we. 
H` ‘H Br ‘Br HY YH 
Br Br H H Br Br 
180° -H and Br do not align. - 


| 
B 
e In this case, the atoms of A and B do not align, making A and B nonsuperimposable mirror images — enantiomers. A 
and B are two of the four possible stereoisomers for 2,3-dibromopentane. 
Step [2] Draw a third possible stereoisomer by switching the positions of any two groups on one stereogenic center 
only. Then draw its mirror image. 


e Switching the positions of H and Br (or any two groups) on one stereogenic center of either A or B forms a new 
stereoisomer (labeled C in this example), which is different from both A and B. Then draw the mirror image of C, 
labeled D. C and D are nonsuperimposable mirror images—enantiomers. We have now drawn four stereoisomers for 
2,3-dibromopentane, the maximum number possible. 


CHg CHCH CHa CHCH CHCH CH 
od, _ d, dh od, 

ae HO pee OH HY Br 

Br Br H Br Br H 
A c D 


Switch H and Br on one stereogenic center. 


With models... 


There are only two types of 
stereoisomers: Enantiomers 


are stereoisomers that are 
mirror images. Diastereomers 
are stereoisomers that are 
not mirror images. 


Problem 5.17 


There are four stereoisomers for 2,3-dibromopentane: enantiomers A and B, and enantiomers C 
and D. What is the relationship between two stereoisomers like A and C? A and C represent the 
second broad class of stereoisomers, called diastereomers. Diastereomers are stereoisomers 
that are not mirror images of each other. A and B are diastereomers of C and D, and vice versa. 
Figure 5.8 summarizes the relationships between the stereoisomers of 2,3-dibromopentane. 


Label the two stereogenic centers in each compound and draw all possible stereoisomers: 
(a) CH3CH2CH(CI)CH(OH)CH2CHs; (b) CH3CH(Br)CH2CH(Cl)CHs. 


Figure 5.8 


Summary: The four 
stereoisomers of 
2,3-dibromopentane 
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CH, CH,CHs CHCH CHa | CH, CH¿CHa CHCH, Chs 
b-a, p-d p-d p-d, 
HY NH HY CH | Bey WH HY er 
BY Net Lf Y Hf ON 
A B D 


(2) 
| . g 


Li enantiomers ; re | 


A and B are diastereomers of C and D. | 


e Pairs of enantiomers: A and B; C and D. 
e Pairs of diastereomers: A and C; A and D; B and C; B and D. 


Meso Compounds 


Whereas 2,3-dibromopentane has two stereogenic centers and the maximum of four stereoiso- 
mers, 2,3-dibromobutane has two stereogenic centers but fewer than the maximum number of 
stereoisomers. 


H H 
I l 

CHs“C-C*CHg With two stereogenic centers, the maximum 
Br Br number of stereoisomers = 4. 


2,3-dibromobutane 
[* = stereogenic center] 


To find and draw all the stereoisomers of 2,3-dibromobutane, follow the same stepwise pro- 
cedure outlined in Section 5.7, Arbitrarily add the H, Br, and CH; groups to the stereogenic 
centers, forming one stereoisomer A, and then draw its mirror image B. A and B are nonsuper- 
imposable mirror images—enantiomers. 


CH; CH CH3 Chs 
eg Ei 
HY er Bey VH 
Bo M H Br 


A B 
L enantiomers J 


To find the other two stereoisomers (if they exist), switch the position of two groups on one stereo- 
genic center of one enantiomer only. In this case, switching the positions of H and Br on one stereo- 
genic center of A forms C, which is different from both A and B and is thus a new stereoisomer. 


CH CH CH3 CH CH3 CH 
ME 3 ‘ed A \_d j 
wh ey, mai wy, wy ti, 

HY/ “Br Br’ Br Br'/ \er 


Br H H 
pf ° wN Fa 
Switch H and Br on one identical 
stereogenic center. c=D 


2 A 2 A 
t A 
With models... 
c D 


D 
D is not another stereoisomer. | 
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Figure 5.9 


Summary: The three 
stereoisomers of 
2,3-dibromobutane 


Problem 5.18 


Problem 5.19 


Problem 5.20 


However, the mirror image of C, labeled D, is superimposable on C, so C and D are identical. 
Thus, C is achiral, even though it has two stereogenic centers. C is a meso compound. 


+ A meso compound is an achiral compound that contains tetrahedral stereogenic centers. 


C contains a plane of symmetry. Meso compounds generally have a plane of symmetry, so 
they possess two identical halves. 


plane of symmetry 


CH, CHa 
b—¢, 
Br'/ \'B 


two Identical halves 


Because one stereoisomer of 2,3-dibromobutane is superimposable on its mirror image, there are 
only three stereoisomers and not four, as summarized in Figure 5.9. 


CH3 CH3 CH CH CH, CH 
l bd b 
H°Y “B Bry XH Bry “Br 
x A H Br í Ni 
A B c 


t enantiomers —! meso compound 


A and B are diastereomers of C. 


e Pair of enantiomers: A and B, 
e Pairs of diastereomers: A and C; B and C. 


Draw all the possible stereoisomers for each compound and label pairs of enantiomers and 
diastereomers: (a) CH3CH(OH)CH(OH)CHs; (b) CHsCH(OH)CH(Cl)CHs3. 


Which compounds are meso compounds? 


CH,CH, CH2CH3 CH3 OH H Br 
v ki b $ ê” ý 2 
a. wy a, is wom C. 
HO'Y VOH HY A : 
K H H CHa Br H 


Draw a meso compound for each of the following molecules. 


NH 
a. BrCHCHCH(CI)CH(CI)CH;CH;Br b. eT S e c. HoN - 


5.9 


Problem 5.21 


Problem 5.22 


Problem 5.23 


Sorbitol (Problem 5.23) occurs 
naturally in some berries and 
fruits. It is used as a substitute 
sweetener in sugar-free—that is, 
sucrose-free—candy and gum. 
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R and S Assignments in Compounds with Two or More 
Stereogenic Centers 
When a compound has more than one stereogenic center, the R or S configuration must be assigned 


to each of them. In the stereoisomer of 2,3-dibromopentane drawn here, C2 has the $ configura- 
tion and C3 has the R, so the complete name of the compound is (25,3R)-2,3-dibromopentane. 


CH3 CH,CH3 
\ x 
; ; oc : : Complete name: 
S configuration ays nq R configuration (2S,3A)-2,3-dibromopentane 
Br | | Br 
c2 C3 


one stereoisomer of 2,3-dibromopentane 


R,S configurations can be used to determine whether two compounds are identical, enantiomers, 
or diastereomers. 


e Identical compounds have the same R,S designations at every tetrahedral stereogenic 
center. 

e Enantiomers have exactly opposite R,S designations. 

e Diastereomers have the same R,S designation for at least one stereogenic center and 
the opposite for at least one of the other stereogenic centers. 


For example, if a compound has two stereogenic centers, both with the R configuration, then its 
enantiomer is S,S and the diastereomers are either R,S or S,R. 


If the two stereogenic centers of a compound are R,S in configuration, what are the R,S 
assignments for its enantiomer and two diastereomers? 


Without drawing out the structures, label each pair of compounds as enantiomers or diastereomers. 
a. (2R,3S)-2,3-hexanediol and (2A,3A)-2,3-hexanediol 

b. (2R,3R)-2,3-hexanediol and (2S, 3S)-2,3-hexanediol 

c. (2R,3S,4R)-2,3,4-hexanetriol and (2S,3A,4A)-2,3,4-hexanetriol 


(a) Label the four stereogenic centers in sorbitol as R or S. (b) How are sorbitol and A related? 


(c) How are sorbitol and B related? 
HO HHO H H OHH OH 


OH 


HO HO 


H OHHO H HO H H OH 
sorbitol A B 


5.10 Disubstituted Cycloalkanes 


Let us now turn our attention to disubstituted cycloalkanes, and draw all possible stereoisomers 
for 1,3-dibromocyclopentane. Because 1,3-dibromocyclopentane has two stereogenic centers, 
it has a maximum of four stereoisomers. 


B A u With two stereogenic centers, the maximum 
r r 


number of stereoisomers = 4. 
1,3-dibromocyclopentane 
[* = stereogenic center] 
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To draw all possible stereoisomers, remember that a disubstituted cycloalkane can have two 
substituents on the same side of the ring (cis isomer, labeled A) or on opposite sides of the ring 
(trans isomer, labeled B). These compounds are stereoisomers but not mirror images of each 
other, making them diastereomers. A and B are two of the four possible stereoisomers. 


Remember: In determining 
chirality in substituted 
cycloalkanes, always draw the 
rings as flat polygons. This is 


especially true for cyclohexane 

derivatives, where having two Hh ds A, 

chair forms that interconvert Br Br Br “Br 

can make analysis especially _ A B 
cis isomer trans isomer 


difficult. 
= diastereomers = 


To find the other two stereoisomers (if they exist), draw the mirror image of each compound and 


cis-1,3-Dibromocyclopentane determine whether the compound and its mirror image are superimposable. 
contains a plane of symmetry. 


eisi ! 
plane of symmetry BS isomer f 
) DN = -g ne ave = N 
| ~ > a \ J 
J i 4 | e A "ie ra 
v identical kd 


| two identical halves | 
Gen 3 


e The cis isomer is superimposable on its mirror image, making them identical. Thus, A is an 
achiral meso compound. 


| trans isomer 


À L aranom H 


e The trans isomer B is not superimposable on its mirror image, labeled C, making B and C 
different compounds. Thus, B and C are enantiomers. 


Because one stereoisomer of 1,3-dibromocyclopentane is superimposable on its mirror image, 
there are only three stereoisomers, not four. A is an achiral meso compound and B and C are a 
pair of chiral enantiomers. A and B are diastereomers, as are A and C. 


Problem 5.24 Which of the following cyclic molecules are meso compounds? 


Ci 
a. os b. c. CL 
ta, OH 
Proolem 5,25 Draw all possible stereoisomers for each compound. Label pairs of enantiomers and diastereomers. 


. X . "ps j HE l 
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5.11 Isomers—A Summary 
Before moving on to other aspects of stereochemistry, take the time to review Figures 5.10 and 


5.11. Keep in mind the following facts, and use Figure 5.10 to summarize the types of isomers. 


° There are two major classes of isomers: constitutional isomers and stereoisomers. 
e There are only two kinds of stereoisomers: enantiomers and diastereomers. 


Then, to determine the relationship between two nonidentical molecules, refer to the flowchart 
in Figure 5.11. 


Problem 5.26 State how each pair of compounds is related. Are they enantiomers, diastereomers, constitutional 
isomers, or identical? 


CH3 Br 
a. he and 5 o. Ho-{ =o and O 
Br~ NX yV. = 
HO 


C 
Z ood 
CHOH HOCH? = “Ch, 


o H and PZ d. ( Jo ana (wor 


Figure 5.10 
Summary—Types of isomers 


Isomers 


different compounds with 
the same molecular formula 


Stereoisomers 


isomers with 
a difference in 3-D arrangement only 


Constitutional isomers 


isomers having 
atoms bonded to different atoms 


Diastereomers 
not mirror images 


Enantlomers 
mirror images 


Figure 5.11 

Determining the relationship 
between two nonidentical 
molecules 


Two nonidentical molecules 


Do they have the same molecular formula? 


No 
not isomers 


Yes 
isomers 


Are the molecules named the same, 
except for prefixes such as cis, trans, R, or S? 


No Yes 


stereoisomers 


constitutional 
isomers 


Are the molecules mirror 
images of each other? 


No 
diastereomers 


Yes 
enantiomers 
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5.12 


5.12A 


Physical Properties of Stereoisomers 
Recall from Section 5.2 that constitutional isomers have different physical and chemical proper- 


ties. How, then, do the physical and chemical properties of enantiomers compare? 


e The chemical and physical properties of two enantiomers are identical except in their 
interaction with chiral substances. 


Optical Activity 


Two enantiomers have identical physical properties—melting point, boiling point, solubility— 
except for how they interact with plane-polarized light. 


What is plane-polarized light? Ordinary light consists of electromagnetic waves that oscillate in 
all planes perpendicular to the direction in which the light travels. Passing light through a polar- 
izer allows light in only one plane to come through. This is plane-polarized light (or simply 
polarized light), and it has an electric vector that oscillates in a single plane. 


| 


plane-polarized light 


light 
source 


ordinary . 
light polarizer 


Light waves oscillate in all planes. Light waves oscillate in a single plane. 


A polarimeter is an instrument that allows plane-polarized light to travel through a sample tube 
containing an organic compound. After the light exits the sample tube, an analyzer slit is rotated 
to determine the direction of the plane of the polarized light exiting the sample tube. There are 
two possible results. 


With achiral compounds, the light exits the sample tube unchanged, and the plane of the polar- 
ized light is in the same position it was before entering the sample tube. A compound that does 
not change the plane of polarized light is said to be optically inactive. 


The plane of polarization is not changed. 


] 


achiral compound exiting 
plane-polarized light plane-polarized light 


light 
source 


ordinary 
light 


olarizer r 
P sample tube 


(S)-(—)-glyceraldehyde 
aii 


Cur, 
gern 
CH Nou 
(S)-(+)-lactic acid 


5.12B 
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With chiral compounds, the plane of the polarized light is rotated through an angle œ. The angle 
a, measured in degrees (°), is called the observed rotation. A compound that rotates the plane 
of polarized light is said to be optically active. 


The plane of polarization is changed. 


light 
source 
analyzer 


ordinary 
light polarizer 


sample tube 


chiral compound exiting 
plane-polarized light plane-polarized light 


For example, the achiral compound CH,BrCl is optically inactive, whereas a single enantiomer 
of CHBrCIF, a chiral compound, is optically active. 


The rotation of polarized light can be in the clockwise or counterclockwise direction. 


e If the rotation is clockwise (to the right from the noon position), the compound is called 
dextrorotatory. The rotation is labeled d or (+). 

e If the rotation is counterclockwise (to the left from noon), the compound is called 
levorotatory. The rotation is labeled / or (-). 


No relationship exists between the R and S prefixes that designate configuration and the (+) and 
(—) designations indicating optical rotation. For example, the S enantiomer of lactic acid is dex- 
trorotatory (+), whereas the S enantiomer of glyceraldehyde is levorotatory (—). 


How does the rotation of two enantiomers compare? 


e Two enantiomers rotate plane-polarized light to an equal extent but in the opposite 
direction. 


Thus, if enantiomer A rotates polarized light +5°, then the same concentration of enantiomer B 
rotates it —5°. 


Racemic Mixtures 


What is the observed rotation of an equal amount of two enantiomers? Because two enantiomers 
rotate plane-polarized light to an equal extent but in opposite directions, the rotations can- 
cel, and no rotation is observed. 


e An equal amount of two enantiomers is called a racemic mixture or a racemate. A 
racemic mixture is optically inactive. 
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Besides optical rotation, other physical properties of a racemate are not readily predicted. The 
melting point and boiling point of a racemic mixture are not necessarily the same as either pure 
enantiomer, and this fact is not easily explained. The physical properties of two enantiomers and 
their racemic mixture are summarized in Table 5.1. 


Table 5.1 The Physical Properties of Enantiomers A and B Compared > 


Property A alone B alone Racemic A + B 
Melting point identica! to B identical to A may be different from A and B 
Boiling point identical to B identical to A may be different from A and B 
Optical rotation equal in magnitude but opposite equal in magnitude but opposite 0” 
in sign to B in sign to A 
5.12C Specific Rotation 


Probiem 5.27 


Problem 5.28 


5:12D 


The observed rotation depends on the number of chiral molecules that interact with polarized 
light. This in turn depends on the concentration of the sample and the length of the sample 
tube. To standardize optical rotation data, the quantity specific rotation ([0]) is defined using a 
specific sample tube length (usually 1 dm), concentration, temperature (25 °C), and wavelength 
(589 nm, the D line emitted by a sodium lamp). 


œ = observed rotation (°) 
spore 1 = length of sample tube (dm) 
= c = concentration (g/mL) 


dm = decimeter 
1 dm = 10 cm 


Specific rotations are physical constants just like melting points or boiling points, and are 
reported in chemical reference books for a wide variety of compounds. 


The amino acid (S)-alanine has the physical characteristics listed under the structure. 


aa a. What is the melting point of (R)-alanine? 
m b. How does the melting point of a racemic mixture of (R)- and (S)-alanine 
Cc 
wH í k E 
CH3 Ni compare to the melting point of (S)-alanine? 
. c. What is the specific rotation of (R)-alanine, recorded under the same 
el conditions as the reported rotation of (S)-alanine? 
lel 48. d. What is the optical rotation of a racemic mixture of (R)- and (S)-alanine? 


mp = 297 °C 
‘ e. Label each of the following as optically active or inactive: a solution of pure 


(S)-alanine; an equal mixture of (R)- and (S)-alanine; a solution that contains 
75% (S)- and 25% (R)-alanine. 


A natural product was isolated in the laboratory, and its observed rotation was +10° when 
measured in a 1 dm sample tube containing 1.0 g of compound in 10 mL of water. What is the 
specific rotation of this compound? 


Enantiomeric Excess 


Sometimes in the laboratory we have neither a pure enantiomer nor a racemic mixture, but rather 
a mixture of two enantiomers in which one enantiomer is present in excess of the other. The 
enantiomeric excess (ee), also called the optical purity, tells how much more there is of one 
enantiomer. 


Problem 5.29 


Sample Problem 5.4 


Problem 5.30 


Sample Problem 5.5 


Problem 5.31 


Problem 5.32 
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e Enantiomeric excess = ee = % of one enantiomer - % of the other enantiomer. 


Enantiomeric excess tells how much one enantiomer is present in excess of the racemic 
mixture. For example, if a mixture contains 75% of one enantiomer and 25% of the other, the 
enantiomeric excess is 75% — 25% = 50%. There is a 50% excess of one enantiomer over the 
racemic mixture. 


What is the ee for each of the following mixtures of enantiomers A and B? 
a. 95% Aand5%B b. 85% Aand 15% B 


Knowing the ee of a mixture makes it possible to calculate the amount of each enantiomer 
present, as shown in Sample Problem 5.4. 


If the enantiomeric excess is 95%, how much of each enantiomer is present? 


Solution 

Label the two enantiomers A and B and assume that A is in excess. A 95% ee means that the 
solution contains an excess of 95% of A, and 5% of the racemic mixture of A and B. Because a 
racemic mixture is an equal amount of both enantiomers, it has 2.5% of A and 2.5% of B. 


e Total amount of A = 95% + 2.5% = 97.5% 
e Total amount of B = 2.5% (or 100% - 97.5%) 


For the given ee values, calculate the percentage of each enantiomer present. 
a. 90% ee b. 99% ee c. 60% ee 


The enantiomeric excess can also be calculated if two quantities are known—the specific rotation 
[a] of a mixture and the specific rotation [œ] of a pure enantiomer. 
Ae [a] mixture 


= XxX 100% 
[a] pure enantiomer 


Pure cholesterol has a specific rotation of -32. A sample of cholesterol prepared in the lab had a 
specific rotation of -16. What is the enantiomeric excess of this sample of cholesterol? 


Solution 
Calculate the ee of the mixture using the given formula. 
ee = „Ol mixture _—§ x 400% = 316 x 100% = |50%ee! 
[a] pure enantiomer -32 Go 


Pure MSG, a common flavor enhancer, exhibits a specific rotation of +24. (a) Calculate the ee of a 
solution whose [a] is +10. (b) If the ee of a solution of MSG is 80%, what is [æ] for this solution? 


O O 
me) i O~ Na+ 
H3N H 


MSG 
monosodium glutamate 


(S)-Lactic acid has a specific rotation of +3.8. (a) If the ee of a solution of lactic acid is 60%, what 
is [a] for this solution? (b) How much of the dextrorotatory and levorotatory isomers does the 
solution contain? 
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5.12E 


Figure 5.12 


The physical properties of the 
three stereoisomers of 


tartaric acid 


Two enantiomers can be 
separated by the process of 
resolution, as described in 


Section 29.3. 


Problem 5,33 


The Physical Properties of Diastereomers 


Diastereomers are not mirror images of each other, and as such, their physical properties are 
different, including optical rotation. Figure 5.12 compares the physical properties of the three 
stereoisomers of tartaric acid, consisting of a meso compound that is a diastereomer of a pair of 
enantiomers. 


HOOG COOH HOOG COOH HOOG COOH 
bd, bd, Ye 
H OH HOY ÇH HOJ” OH 
HO H H YH H H 


B Cc 


A 


diastereomers j 


Property A B Cc A + B (1:1) 
melting point (°C) 171 171 146 206 
solubility (g/100 mL H20) 139 139 125 139 

[a] +13 -13 0 0 

R,S designation R,R SS RS = 

d,! designation d I none d,i 


e The physical properties of A and B differ from their diastereomer C. 

e The physical properties of a racemic mixture of A and B (last column) 
can also differ from either enantiomer and diastereomer C. 

e Cis an achiral meso compound, so it is optically inactive; [œ] = 0. 


Whether the physical properties of a set of compounds are the same or different has practical 
applications in the lab. Physical properties characterize a compound’s physical state, and two 
compounds can usually be separated only if their physical properties are different. 


e Because two enantiomers have identical physical properties, they cannot be separated 
by common physical techniques like distillation. 

e Diastereomers and constitutional isomers have different physical properties, and 
therefore they can be separated by common physical techniques. 


Compare the physical properties of the three stereoisomers of 1,3-dimethylcyclopentane. 


A B Cc 
three stereoisomers of 1,3-dimethylcyclopentane 


a. How do the boiling points of A and B compare? What about A and C? 

b. Characterize a solution of each of the following as optically active or optically inactive: pure A; 
pure B; pure C; an equal mixture of A and B; an equal mixture of A and C. 

c. A reaction forms a 1:1:1 mixture of A, B, and C. If this mixture is distilled, how many fractions would 
be obtained? Which fractions would be optically active and which would be optically inactive? 


5.13 


5.13A 


Although (R)-ibuprofen shows no 
anti-inflammatory activity itself, 

it is slowly converted to the S 
enantiomer in vivo. 


(S)-Naproxen is the active 

ingredient in the widely used 
pain relievers Naprosyn and 
Aleve. 


For more examples of two 
enantiomers that exhibit 
very different biochemical 
properties, see Journal of 
Chemical Education, 1996, 


73, 481-484. 
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Chemical Properties of Enantiomers 


When two enantiomers react with an achiral reagent, they react at the same rate, but when they 
react with a chiral, non-racemic reagent, they react at different rates. 


e Two enantiomers have exactly the same chemical properties except for their reaction 
with chiral, non-racemic reagents. 


For an everyday analogy, consider what happens when you are handed an achiral object like a 
pen and a chiral object like a right-handed glove. Your left and right hands are enantiomers, but 
they can both hold the achiral pen in the same way. With the glove, however, only your right hand 
can fit inside it, not your left. 


We will examine specific reactions of chiral molecules with both chiral and achiral reagents later 
in this text. Here, we examine two more general applications. 


Chiral Drugs 


A living organism is a sea of chiral molecules. Many drugs are chiral, and often they must interact 
with a chiral receptor or a chiral enzyme to be effective. One enantiomer of a drug may treat a 
disease whereas its mirror image may be ineffective. Alternatively, one enantiomer may trigger 
one biochemical response and its mirror image may elicit a totally different response. 


For example, the drugs ibuprofen and fluoxetine each contain one stereogenic center, and thus exist 
as a pair of enantiomers, only one of which exhibits biological activity. (S)-Ibuprofen is the active 
component of the anti-inflammatory agents Motrin and Advil, and (R)-fluoxetine is the active 
component in the antidepressant Prozac. 


H CH,CH2NHCH, 
(S)-ibuprofen (AR)-fluoxetine 
anti-inflammatory agent antidepressant 


Changing the orientation of two substituents to form a mirror image can also alter biological 
activity to produce an undesirable side effect in the other enantiomer. The S enantiomer of 
naproxen is an active anti-inflammatory agent, but the R enantiomer is a harmful liver toxin. 


H CH3 
i COOH 
CH0 
(S)-naproxen (R)-naproxen 
anti-inflammatory agent liver toxin 


If a chiral drug could be sold as a single active enantiomer, it should be possible to use smaller 
doses with fewer side effects. Many chiral drugs continue to be sold as racemic mixtures, how- 
ever, because it is more difficult and therefore more costly to obtain a single enantiomer. An 
enantiomer is not easily separated from a racemic mixture because the two enantiomers have the 
same physical properties. In Chapter 12 we will study a reaction that can form a single active 
enantiomer, an important development in making chiral drugs more readily available. 
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5.13B Enantiomers and the Sense of Smell 


Research suggests that the odor of a particular molecule is determined more by its shape than 
by the presence of a particular functional group. For example, hexachloroethane (Cl];CCCl,) and 
cyclooctane have no obvious structural similarities, but they both have a camphor-like odor, a fact 
attributed to their similar spherical shape. Each molecule binds to spherically shaped olfactory 
receptors present on the nerve endings in the nasal passage, resulting in similar odors (Figure 5.13). 


Because enantiomers interact with chiral smell receptors, some enantiomers have different 
odors. There are a few well-characterized examples of this phenomenon in nature. For example, 
(S)-carvone is responsible for the odor of caraway, whereas (R)-carvone is responsible for the 
odor of spearmint. 


CH, CH3 
Ox a # zO 
H [PCH CHs—-G H 
HC CH3 
(S)-carvone (R)-carvone 
caraway seeds spearmint leaves 


| (S)-Carvone has the odor of caraway. | | (R)-Carvone has the odor of spearmint. | 


These examples demonstrate that understanding the three-dimensional structure of a molecule is 
very important in organic chemistry. 


Figure 5.13 


The shape of molecules and 
the sense of smell 


lining of the olfactory 
bulb in the nasal passage 


cyclooctane bound 
to a receptor site 


Cyclooctane and other molecules similar in shape bind to a particular olfactory receptor on the nerve 
cells that lie at the top of the nasal passage. Binding results in a nerve impulse that travels to the 
brain, which interprets impulses from particular receptors as specific odors. 


Key Concepts 197 


KEY CONCEPTS A 


Stereochemistry 


isomers Are Different Compounds with the Same Molecular Formula (5.2, 5.11). 


[1] Constitutional isomers—isomers that differ in the way the atoms are connected to each other. They have: 
e different IUPAC names 
e the same or different functional groups 
® different physical and chemical properties 
[2] Stereoisomers—isomers that differ only in the way atoms are oriented in space. They have the same functional group and the 
same IUPAC name except for prefixes such as cis, trans, R, and S. 
e Enantiomers—stereoisomers that are nonsuperimposable mirror images of each other (5.4). 
e Diastereomers—stereoisomers that are not mirror images of each other (5.7). 


Some Basic Principles 
e When a compound and its mirror image are superimposable, they are identical achiral compounds. When a compound has a 
plane of symmetry in one conformation, the compound is achiral (5.3). 
¢ When a compound and its mirror image are not superimposable, they are different chiral compounds called enantiomers. A 
chiral compound has no plane of symmetry in any conformation (5.3). 
e A tetrahedral stereogenic center is a carbon atom bonded to four different groups (5.4, 5.5). 
e For n stereogenic centers, the maximum number of stereoisomers is 2” (5.7). 


plane of plane of 
symmetry [* = stereogenic center] symmetry 
CHa Hs jil CHa CH CH CH, 
\ \ 
«O O Zoe, sc— Cr, sC—Ci, 
H” “H WH cl~“ ”H cl" “Cl 
uf X CH3CH, Xi w Y. PA Yi 
no stereogenic centers 1 stereogenic center 2 stereogenic centers 2 stereogenic centers 


f t 


| 
| Chiral compounds contain stereogenic centers. | 


A plane of symmetry makes these compounds achiral. ; 


Optical Activity is the Ability of a Compound to Rotate Plane-Polarized Light (5.12). 
e An optically active solution contains a chiral compound. 
e An optically inactive solution contains one of the following: 
e an achiral compound with no stereogenic centers 
e a meso compound—an achiral compound with two or more stereogenic centers 
e aracemic mixture—an equal amount of two enantiomers 


The Prefixes R and S Compared with d and / 
The prefixes R and S are labels used in nomenclature. Rules on assigning A,S are found in Section 5.6. 
e An enantiomer has every stereogenic center opposite in configuration. If a compound with two stereogenic centers has the R,R 
configuration, its enantiomer has the S,S configuration. 
e Adiastereomer of this same compound has either the A,S or S,R configuration; one stereogenic center has the same configuration 
and one is opposite. 
The prefixes d (or +) and / (or -) tell the direction a compound rotates plane-polarized light (6.12). 
e Dextrorotatory (d or +) compounds rotate polarized light clockwise. 
e Levorotatory (l or -) compounds rotate polarized light counterclockwise. 
e There is no relation between whether a compound is R or S and whether it is d or L 
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The Physical Properties of Isomers Compared (5.12) 


Type of isomer Physical properties 
Constitutional isomers Different 
Enantiomers Identical except for the direction polarized light is rotated 
Diastereomers Different 
Racemic mixture Possibly different from either enantiomer 
Equations 
Ep ‘ . ii | a = observed rotation (°) duet 
è Specific rotation (6.12C): | peat = [ol = TT 1 = length of sample tube (dm) sts pa ala 
c = concentration (g/mL) m= Wren 


% of one enantiomer — % of the other enantiomer 


e Enantiomeric excess (5.12D): 


[a] mixture 


A 100% 
[œ] pure enantiomer 


PROBLEMS 
Problems Using Three-Dimensional Models 


5.34 (a) Locate the stereogenic centers in the ball-and-stick model of ezetimibe (trade name Zetia), a cholesterol-lowering drug. 
(b) Label each stereogenic center as R or S. 


v 


CN ba” i 
® 


ezetimibe 


5.35 Consider the ball-and-stick models A-D. How is each pair of compounds related: (a) A and B; (b) A and ©; (c) A and D; 
(d) C and D? Choose from identical molecules, enantiomers, or diastereomers. 


a6 39 
£ sP: syy woe 
> % @ “ g x . x vu $e 


A B Cc D 


Constitutional Isomers versus Stereoisomers 


5.36 Label each pair of compounds as constitutional isomers, stereoisomers, or not isomers of each other. 


CH3 
a aia Q H 
a. and C and CH 
(e) ‘ H 
b. aii and [=o d. CX and hes 
oO 
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Mirror Images and Chirality 


5.37 Draw the mirror image of each compound, and label the compound as chiral or achiral. 
OH 


rT ei 
a. -CwCH.OH b. Cuy c “Le d. a e e. ouc N Aon 
CHy Na HSCH SNH, H Br L, 
5.38 Determine if each compound is identical to or an enantiomer of A. 

‘di Gis CHs HO, fi 

Con, a. ZG, ge H b; Zuu C. Bic 
cH; NOH HO” NoHo OHC™ Non CH% ~~CHO 

A 


5.39 Indicate a plane of symmetry for each molecule that contains one. Some molecules require rotation around a carbon-carbon 


bond to see the plane of symmetry. 


CHCH He cl HO p Hap CHCH yo 
= $i 3 \ = 
- wee b. est ; woe a [| i 
n: 4 Hooe œp coon © YA J e 
H CHCH; = Cl CH3CH3 
HO H 


Finding and Drawing Stereogenic Centers 
5.40 Locate the stereogenic center(s) in each compound. A molecule may have zero, one, or more stereogenic centers. 


a. CH3CH,CH,CH2CH,CH3 OH OH OH P 
b. CHaCH2OCH(CH;)CH;CHa i. Ny i Do: 
c. (CHs)sCHCH(OH)CH(CHs)2 L Ue do 
d. (CHg)sCHCHsCH(CH,)CH»CH(CH,)CH(CH;)CH>CH3 

H OH 
e. CHs~C-CH,CH, g. x J- j. HO n 

D Ò 

non 
h CO) bu 


Draw the eight constitutional isomers having molecular formula C;H,;,Cl. Label any stereogenic centers. 


5.41 
5.42 Draw both enantiomers for each biologically active compound. o 
COOH 
a. NH, b. 
amphetamine ketoprofen 
(analgesic and anti-inflammatory agent) 


(a powerful central nervous stimulant) 
5.43 Draw the lowest molecular weight chiral compound that contains only C, H, and O and fits each description: (a) an acyclic 
alcohol; (b) a ketone; (c) a cyclic ether. 


Nomenclature 
5.44 Which group in each pair is assigned the higher priority in R,S nomenclature? 
a. —CD3, — CH c. —CH,Cl, -CH,CH,CH2Br 


b. — CH(CHg)2, — CH20H d. —CH ,NH2, - NHCH3 


5.45 Rank the following groups in order of decreasing priority. 
a. —F, - NH2, -CH3, -OH d. —-COOH, -CH20H, -H, - CHO 


b. - CH3, - CHCH, - CH,CH»CHs, -(CH,)3;CHs e. -Cl, -CH, =SH, -OH 
C= NH5, = CHNH,, = CHa, a CHNHCH3 f. -C= CH, i CH(CHa)2, = CHCH, -CH= CH2 
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5.46 Label each stereogenic center as A or S. 


] H CH, CH(CHs), 
A l! b= d, 
a. QOH Cc. “CH. ew g. 
N a“: 3 H CH 
CHCH CH, x Jf WS 3 
‘i E HOOR NH, a 
b. CH JON fa A Brys f, wl—C. h. 
CHCH / `H CHa N 
H a. ICH3 HO CH, Cl 
5.47 Draw the structure for each compound. 
a. (8R)-3-methylhexane c. (3A,5S,6A)-5-ethyl-3,6-dimethyinonane 
b. (4R,5S)-4,5-diethyloctane d. (3S,6S)-6-isopropy|-3-methyldecane 


5.48 Give the IUPAC name for each compound, including the R,S designation for each stereogenic center. 


H 
a. a b; C. 


5.49 Draw the two enantiomers for the amino acid leucine, HOOCCH(NH2)CH2CH(CHs)2, and label each enantiomer as R or S. Only 
the S isomer exists in nature, and it has a bitter taste. Its enantiomer, however, is sweet. 


5.50 Label the stereogenic center(s) in each drug as A or S. L-Dopa is used to treat Parkinson’s disease (Chapter 1). Ketamine is an 
anesthetic. Enalapril belongs to a class of drugs called ACE inhibitors, which are used to lower blood pressure. 


COOH NH ci CH,CH,0,C 
a. H NH, b. 94 
OH enalapril 
L-dopa ketamine Trade name: Vasotec 


5.51 The shrub ma huang (Section 5.4A) contains two biologically active stereoisomers — ephedrine and pseudoephedrine —with two 
stereogenic centers as shown in the given structure. Ephedrine is one component of a once popular combination drug used by 
body builders to increase energy and alertness, while pseudoephedrine is a nasal decongestant. 

a E a. Draw the structure of naturally occurring (-)-ephedrine, which has the 1R,2S configuration. 
NHCH3 b. Draw the structure of naturally occurring (+)-pseudoephedrine, which has the 1S,2S configuration. 
c. How are ephedrine and pseudoephedrine related? 
d. Draw all other stereoisomers of (-)-ephedrine and (+)-pseudoephedrine and give the R,S 
designation for all stereogenic centers. 
e. How is each compound drawn in part (d) related to (-)-ephedrine? 


C2 
isolated from ma huang 


Compounds with More Than One Stereogenic Center 


5.52 Locate the stereogenic centers in each drug. 


MH H C=C-H 9 
a N S b c O 
HO " } va pe i” 
O 3 
COOH o fe) 
amoxicillin norethindrone heroin 
(an antibiotic) (oral contraceptive component) (an opiate) 
5.53 What is the maximum number of stereoisomers possible for each compound? On 
Q 
a. CH;CH(OH)CH(OH)CH;CH; b. CH3CH,CH»CH(CH,), c. HO OH 
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5.54 Draw all possible stereoisomers for each compound. Label pairs of enantiomers and diastereomers. Label any meso 


compound. 
a. CH3CH(OH)CH(OH)CH2CH3 c. CHCH(CI)CH2CH(Br)CH3 
b. CH3CH(OH)CH2CH2CH(OH)CH3 d. CH3CH(Br)CH(Br)CH(Br)CH3 


5.55 Draw the enantiomer and a diastereomer for each compound. 


HOCH, Hs CHa 
\ 
a. wen, be ee eS ; d es d. 
Hy XH N Mi, 
HO OH Ht 7H ‘CH,CH3 


5.56 Draw all possible stereoisomers for each cycloalkane. Label pairs of enantiomers and diastereomers. Label any meso compound. 


CH, CH, cl 
CHS Br 
Cha 


5.57 Draw all possible constitutional and stereoisomers for a compound of molecular formula CgH;2 having a cyclobutane ring and 
two methyl groups as substituents. Label each compound as chiral or achiral. 


5.58 Explain each statement by referring to compounds A-E. 


OH cI OH 
Pg S a D H Y "OH 
CI OH 
A B Cc D E 


A has a mirror image but no enantiomer. 

B has an enantiomer and no diastereomer. 

C has both an enantiomer and a diastereomer. 
D has a diastereomer but no enantiomer. 

E has a diastereomer but no enantiomer. 


9207p 


Comparing Compounds: Enantiomers, Diastereomers, and Constitutional isomers 


5.59 How is each compound related to the simple sugar D-erythrose? Is it an enantiomer, diastereomer, or identical? 


OHC OH OHC CHOH HOCH, CHO OHC H OHC H 
JH n C Sal ‘aye 
we—C. a. aier Ge, b. M CE G; wo—C d. wo—C 
ye? A Me HO" / WH HOY / L ‘OH HO“/ \ H` 
HO CHOH H OH H H CH2OH HO CHOH 
D-erythrose 


5.60 Consider Newman projections (A-D) for four-carbon carbohydrates. How is each pair of compounds related: (a) A and B; 
(b) A and C; (c) A and D; (d) C and D? Choose from identical molecules, enantiomers, or diastereomers. 


de ke ae 


CH,OH CHOH 


A B c D 


5.61 How is compound A related to compounds B-E? Choose from enantiomers, diastereomers, constitutional isomers, or identical 
molecules. 


Zz 
= 
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5.62 How are the compounds in each pair related to each other? Are they identical, enantiomers, diastereomers, constitutional 


isomers, or not isomers of each other? 


OX = OX 


CH3 CHO OHC CH3 
Yoa d 4 
c sG — Gi, en sG — Gz 
HY “OH HY “H 
HO H HO OH 


Á 
5 


<{ 
< 


Physical Properties of Isomers 


5.63 Drawn are four isomeric dimethylcyclopropanes. 


a. 


0 GG © 


Ç! i 
f. Cin, and Cin 
i N Br WN Br 
H ji 
CH3 Chs CH, Yer 
W. Ao \ 7 
g uye upr and yoyo, 
r H Br Chs 
H OH 
h and 
HO oH HO H 
H H 
i. and Hi —~Lort 
CH, H 
HO CH; CHa CH,OH 
= 2 
j. J and Èi 
Zs Š 
H CHBr Br H 


How are the compounds in each pair related (enantiomers, diastereomers, 
constitutional isomers): A and B; A and C; B and C; C and D? 


. Label each compound as chiral or achiral. 

. Which compounds, alone, would be optically active? 

. Which compounds have a plane of symmetry? 

. How do the boiling points of the compounds in each pair compare: 


A and B; B and C; C and D? 


. Which of the compounds are meso compounds? 
. Would an equal mixture of compounds © and D be optically active? What 


about an equal mixture of B and C? 


5.64 The [a] of pure quinine, an antimalarial drug, is -165. 


quinine 
(antimalarial drug) 


a. 
b. For each ee, calculate the percent of each enantiomer present. 

©: 

d. If a solution contains 80% quinine and 20% of its enantiomer, what is the ee 


Calculate the ee of a solution with the following [a] values: -50, -83, and -120. 
What is [a] for the enantiomer of quinine? 


of the solution? 


. What is [a] for the solution described in part (d)? 
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5.65 Amygdalin, a compound isolated from the pits of apricots, peaches, and wild cherries, is sometimes called laetrile. Although it 
has no known therapeutic value, amygdalin has been used as an unsanctioned anticancer drug both within and outside of the 
United States. One hydrolysis product formed from amygdalin is mandelic acid, used in treating common skin problems caused 
by photo-aging and acne. 


OH 
HO. 
So OH 
O O HCI, HO «— only one of the 
HO o O GLOR products formed 
OH CN 
HO OH E. 
mandelic acid 
OH 


amygdalin 


a. How many stereogenic centers are present in amygdalin? What is the maximum number of stereoisomers possible? 

. Draw both enantiomers of mandelic acid and label each stereogenic center as R or S. 

c. Pure (R)-mandelic acid has a specific rotation of -154. If a sample contains 60% of the R isomer and 40% of its enantiomer, 
what is fa] of this solution? 

d. Calculate the ee of a solution of mandelic acid having [a] = +50. What is the percentage of each enantiomer present? 


ion 


General Problems 


5.66 Artemisinin and mefloquine are widely used antimalarial drugs. 


. Locate the stereogenic centers in both drugs. 

. Label each stereogenic center in mefloquine as R or S. 

. What is the maximum number of stereoisomers possible for artemisinin? 

. How are the N atoms in mefloquine hybridized? 

. Can two molecules of artemisinin intermolecularly hydrogen bond to 
each other? 

f. What product is formed when mefloquine is treated with HCI? 


togo 


artemisinin mefloquine 


5.67 Saquinavir (trade name Invirase) belongs to a class of drugs called protease inhibitors, which are used to treat HIV (human 


immunodeficiency virus). 
Ceue: 
N 
Nor ~~ 
: H 
(@) 


a” 


SCONH: 6 


saquinavir 
Trade name: Invirase 


i 
(CH3)3C 


Locate all stereogenic centers in saquinavir, and label each stereogenic center as R or S. 
Draw the enantiomer of saquinavir. 

Draw a diastereomer of saquinavir. 

Draw a constitutional isomer that contains at least one different functional group. 


ao 


Challenge Problems 


5.68 A limited number of chiral compounds having no stereogenic centers exist. For example, although A is achiral, constitutional 
isomer B is chiral. Make models and explain this observation. Compounds containing two double bonds that share a single 
carbon atom are called a/lenes. Locate the allene in the antibiotic mycomycin and decide whether mycomycin is chiral or achiral. 

CHs,,, H CH3., CH 
ad al ON yee 
kI a HC=C-C=C-CH=C=CH-CH=CH-CH=CHCH,CO.H 


achiral chiral 3 
mycomycin 


A B 
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5.69 A trivalent, positively charged sulfur atom, called a sulfonium ion (R3S*), is a stereogenic center if three different alkyl groups 
are bonded to sulfur. In this case, sulfur is surrounded by four different groups, including its lone pair. In assigning an R or S 
designation to sulfur, the lone pair is always assigned the lowest priority (4). An example of a biologically active compound 
that contains a sulfonium ion is SAM, S-adenosylmethionine, which we will learn more about in Section 7.12. Locate all the 
stereogenic centers in SAM, and assign an A,S designation to each center. 


N 
k ff | 
Ky 
ane a 
H “NH, OH OH 
SAM 


5.70 a. Locate all the tetrahedral stereogenic centers in discodermolide, a natural product isolated from the Caribbean marine 
sponge Discodermia dissoluta. Discodermolide is a potent tumor inhibitor, and shows promise as a drug for treating colon, 
ovarian, and breast cancers. 

b. Certain carbon-carbon double bonds can also be stereogenic centers. With reference to the definition in Section 5.3, 
explain how this can occur, and then locate the three additional stereogenic centers in discodermolide. 
c. Considering all stereogenic centers, what is the maximum number of stereoisomers possible for discodermolide? 


H discodermolide 


5.71 Label each compound as chiral or achiral. Compounds that contain a single carbon common to two rings are called spiro 
compounds. Because carbon is tetrahedral, the two rings are perpendicular to each other. 


T pN b LLN CE <n Y E g 


5.72 An acid-base reaction of (R)-sec-butylamine with a racemic mixture of 2-phenylpropanoic acid forms two products having 
different melting points and somewhat different solubilities. Draw the structure of these two products. Assign R and S to 
any stereogenic centers in the products. How are the two products related? Choose from enantiomers, diastereomers, 
constitutional isomers, or not isomers. 


H NH, 
COOH, A 


(R)-sec-butylamine 
2-phenylpropanoic acid 
{racemic mixture) 


Isooctane, a component of petroleum, and glucose, a simple sugar formed from starch dur- 
ing digestion, are very different organic molecules that share a common feature. On oxidation, 
both compounds release a great deal of energy. lsooctane is burned in gasoline to power auto- 
mobiles, and glucose is metabolized in the body to provide energy for exercise. In Chapter 6, 
we learn about these energy changes that accompany chemical reactions. 


6.2 
6.3 


6.4 
6.5 
6.6 
6.7 
6.8 


6.9 


6.10 Catalysts 
6.11 Enzymes 


Writing equations for 
organic reactions 


Kinds of organic reactions 


Bond breaking and 
bond making 


Bond dissociation energy 
Thermodynamics 
Enthalpy and entropy 
Energy diagrams 


Energy diagram for 
a two-step reaction 
mechanism 


Kinetics 


205 


206 


6.1 


Often the solvent and 
temperature of a reaction 
are omitted from chemical 
equations, to further focus 
attention on the main 
substances involved in the 
reaction. 


Solvent. Most organic 
reactions take place in a liquid 
solvent. Solvents solubilize key 
reaction components and serve 
as heat reservoirs to maintain 

a given temperature. Chapter 7 
presents the two major types of 
reaction solvents and how they 
affect substitution reactions. 


Figure 6.1 


Different ways of writing 
organic reactions 


Chapter6 Understanding Organic Reactions 


Why do certain reactions occur when two compounds are mixed together whereas others 
do not? To answer this question we must learn how and why organic compounds react. 


Reactions are at the heart of organic chemistry. An understanding of chemical processes has 
made possible the conversion of natural substances into new compounds with different, and 
sometimes superior, properties. Aspirin, ibuprofen, nylon, and polyethylene are all products of 
chemical reactions between substances derived from petroleum. 


Reactions are difficult to learn when each reaction is considered a unique and isolated event. 
Avoid this tendency. Virtually all chemical reactions are woven together by a few basic themes. 
After we learn the general principles, specific reactions then fit neatly into a general pattern. 


In our study of organic reactions we will begin with the functional groups, looking for electron- 
rich and electron-deficient sites, and bonds that might be broken easily. These reactive sites give 
us a clue as to the general type of reaction a particular class of compound undergoes. Finally, 
we will learn about how a reaction occurs. Does it occur in one step or in a series of steps? 
Understanding the details of an organic reaction allows us to determine when it might be used in 
preparing interesting and useful organic compounds. 


Writing Equations for Organic Reactions 


Like other reactions, equations for organic reactions are usually drawn with a single reaction 
arrow (—>) between the starting material and product, but other conventions make these equations 
look different from those encountered in general chemistry. 


The reagent, the chemical substance with which an organic compound reacts, is sometimes drawn 
on the left side of the equation with the other reactants. At other times, the reagent is drawn above 
the reaction arrow itself, to focus attention on the organic starting material by itself on the left side. 
The solvent and temperature of a reaction may be added above or below the arrow. The symbols 
“hy” and “A” are used for reactions that require light or heat, respectively. Figure 6.1 presents 
an organic reaction in different ways. 


When two sequential reactions are carried out without drawing any intermediate compound, the 
steps are usually numbered above or below the reaction arrow. This convention signifies that the 
first step occurs before the second, and the reagents are added in sequence, not at the same time. 


The first reaction... | 


12) 
I [1] CHgMgBr a R 
CH3 “CHa [2] HO 3i 3 (HOMgBr) 
CH3 , , 
i inorganic by-product 
| athen the second | (often omitted) 


In this equation only the organic product is drawn on the right side of the arrow. Although the 
reagent CH;MgBr contains both Mg and Br, these elements do not appear in the organic prod- 
uct, and they are often omitted on the product side of the equation. These elements have not 
disappeared. They are part of an inorganic by-product (HOMgBr in this case), and are often of 
little interest to an organic chemist. 


Other reaction parameters can be indicated. 


Br 
Bro 
—__ >» 
AvorA 


CCl, 


Br, is the reagent. 


| r 
O + a —OG 


The reagent can be on the left side | 
or above the arrow. | 


Q “2 oe 
— 
Br 


CCl, is the solvent. 


hv—Indicates light is needed. 
A—Indicates heat is added. 
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6.2 Kinds of Organic Reactions 


Like other compounds, organic molecules undergo acid-base and oxidation—reduction reactions, 
as discussed in Chapters 2 and 4. Organic molecules also undergo substitution, elimination, 


and addition reactions. 


6.2A Substitution Reactions 


e Substitution is a reaction in which an atom or a group of atoms is replaced by another 
atom or group of atoms. 


| | 
—ot2| +Y —— > Oty) +Z |z = H or a heteroatom 


Y replaces Z 


In a general substitution reaction, Y replaces Z on a carbon atom. Substitution reactions involve 
6 bonds: one o bond breaks and another forms at the same carbon atom. The most common 
examples of substitution occur when Z is hydrogen or a heteroatom that is more electronegative than 


carbon. 
m ct |+or — onfair 
fi = 


Cl replaces I 


f ? 
[2] C +OH —~> Cem t cr 
cHy fci] chg “POH | 


ee 


OH replaces Cl 


6.2B Elimination Reactions 


e Elimination is a reaction in which elements of the starting material are “lost” and a x 
bond is formed. 


| | a 
ar te + reagent ——~ Pr. + X-Y 
A | 


Two o bonds are broken. 7 bond 


In an elimination reaction, two groups X and Y are removed from a starting material. Two © 
bonds are broken, and a % bond is formed between adjacent atoms. The most common exam- 
ples of elimination occur when X = H and Y is a heteroatom more electronegative than carbon. 


H H H H 
Examples i 3 No 
[1] HeG=-G-Hi + “OH — c= + HO + Br 


/ 
H Br H | H 
loss of HBr r bond 
H250, 
[2] — + HỌ 
eel | 


loss of H2O m bond 
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6.2C Addition Reactions 


e Addition is a reaction in which elements are added to a starting material. 


Addition PS + XY > ‘ : 
—_ ain 


Two o bonds are formed. 


This 7 bond is broken. 
In an addition reaction, new groups X and Y are added to a starting material. A n bond is broken 


and two o bonds are formed. 


| Examples | H ft la 
[1] EFS + H-Br — H-C-ÇC-H 
mirei 
H | H H Br 
This z bond is broken. HBr is added. 
í } (0) 
[2] + HzO H504 
| [H ©] 
H20 is added. 


This z bond is broken. 


Addition and elimination reactions are exactly opposite. A 1 bond is formed in elimination 
A summary of the general : ; : imi : 
reactions, whereas a 7 bond is broken in addition reactions. 


types of organic reactions is 
iven in Appendix G. 
9 PE | Ellmination | 


Form a x bond. 


[- XY] | 
| \. uf 


—CH-E— C=C 
fen 


x Y 
[+ XY] 


Break a n bond. 


| Addition | 


Classify each transformation as substitution, elimination, or addition. 


OH Br 
I = 
we 
b. (ro — ( Yon d. CH3sCHs,CH(OH)CH; ———> CH,CH=CHCH, 


Problem 6.1 
(0) 
il 


. Aa ox 
* CHS CH, CH “CHCI 


6.3 


6.3A 
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Bond Breaking and Bond Making 
Having now learned how to write and identify some common kinds of organic reactions, we can 


turn to a discussion of reaction mechanism. 


e A reaction mechanism is a detailed description of how bonds are broken and formed 
as a starting material is converted to a product. 


A reaction mechanism describes the relative order and rate of bond cleavage and formation. It 
explains all the known facts about a reaction and accounts for all products formed, and it is subject 
to modification or refinement as new details are discovered. 


A reaction can occur either in one step or in a series of steps. 


e A one-step reaction is called a concerted reaction. No matter how many bonds are broken 
or formed, a starting material is converted directly to a product. 


A] m 


e A stepwise reaction involves more than one step. A starting material is first converted to 
an unstable intermediate, called a reactive intermediate, which then goes on to form the 


product. 
Py reactive 
[a] intermediate z | B| 


Bond Cleavage 


Bonds are broken and formed in all chemical reactions. No matter how many steps there are in 
the reaction, however, there are only two ways to break (cleave) a bond: the electrons in the bond 
can be divided equally or unequally between the two atoms of the bond. 


¢ Breaking a bond by equally dividing the electrons between the two atoms in the bond is 
called homolysis or homolytic cleavage. 


r i Equally divide these electrons. 
Homolysis or | 
homolytic cleavage ALB A + B 


Each atom gets one electron. 


e Breaking a bond by unequally dividing the electrons between the two atoms in the bond is 
called heterolysis or heterolytic cleavage. Heterolysis of a bond between A and B can give 
either A or B the two electrons in the bond. When A and B have different electronegativities, 
the electrons normally end up on the more electronegative atom. 


ry Unequally divide these electrons. 
h Heterolysis or | At + B- 
heterolytic cleavage AtB | d 
A: + Bt 


A gets two electrons or B gets two electrons. 


Homolysis and heterolysis require energy. Both processes generate reactive intermediates, but 
the products are different in each case. 


e Homolysis generates uncharged reactive intermediates with unpaired electrons. 
e Heterolysis generates charged intermediates. 


Each of these reactive intermediates has a very short lifetime, and each reacts quickly to form a 
stable organic product. 
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6.3B 


A full-headed curved arrow 
(~ ™) shows the movement 
of an electron pair. A half- 
headed curved arrow (< ^) 
shows the movement of a 
single electron. 


Figure 6.2 

Three reactive intermediates 
resulting from homolysis and 
heterolysis of a C- Z bond 


Radicals, Carbocations, and Carbanions 


The curved arrow notation first discussed in Section 1.6 works fine for heterolytic bond cleavage 
because it illustrates the movement of an electron pair. For homolytic cleavage, however, one 
electron moves to one atom in the bond and one electron moves to the other, so a different kind 
of curved arrow is needed. 


e To illustrate the movement of a single electron, use a half-headed curved arrow, 
sometimes called a fishhook. 


AlB — A +8 aA — at + Br 


Two half-headed curved arrows are needed One full-headed curved arrow is needed 
for two single electrons. for one electron pair. 


Figure 6.2 illustrates homolysis and two different heterolysis reactions for a carbon compound 
using curved arrows. Three different reactive intermediates are formed. 


Homolysis of the C—Z bond generates two uncharged products with unpaired electrons. 
e A reactive intermediate with a single unpaired electron is called a radical. 


Most radicals are highly unstable because they contain an atom that does not have an octet of 
electrons. Radicals typically have no charge. They are intermediates in a group of reactions 
called radical reactions, which are discussed in detail in Chapter 15. 


Heterolysis of the C—Z bond can generate a carbocation or a carbanion. 


e Giving two electrons to Z and none to carbon generates a positively charged carbon 
intermediate called a carbocation. 

e Giving two electrons to C and none to Z generates a negatively charged carbon 
species called a carbanion. 


Both carbocations and carbanions are unstable reactive intermediates: A carbocation contains 
a carbon atom surrounded by only six electrons. A carbanion has a negative charge on carbon, 
which is not a very electronegative atom. Carbocations (electrophiles) and carbanions (nucleo- 
philes) can be intermediates in polar reactions—reactions in which a nucleophile reacts with 
an electrophile. 


Ee pace ae la | Radicals are intermediates 
| Homolysis | Q < i r+ z in radical reactions. 


half-headed arrows 


| 
| 


| 


== | | 
| Heterolysis | oly —C+ + Z 
| 1 | 
carbocation lonic intermediates are seen | 
full-headed arrows | in polar reactions. 


—Cr + z 
| 


carbanion 


| 


i! 
Ay 


The chemistry of carbenes, 
another type of organic reactive 
intermediate, is discussed in 
Section 26.4. 


Problem 6.2 


6.3C 


6.3D 


A more complete summary 

of the arrows used in organic 
chemistry is given in the table 
Common Abbreviations, 
Arrows, and Symbols, located 
on the inside back cover. 
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Thus, homolysis and heterolysis generate radicals, carbocations, and carbanions, the three most 
common reactive intermediates in organic chemistry. 


| 
—¢ —C+ —C: 
| | l 


radical carbocation carbanion 


i C has an octet 
Lig has no octet. | with a lone pair. | 


e Radicals and carbocations are electrophiles because they contain an electron-deficient 
carbon. 


e Carbanions are nucleophiles because they contain a carbon with a lone pair. 


By taking into account electronegativity differences, draw the products formed by heterolysis of 
the carbon-heteroatom bond in each molecule. Classify the organic reactive intermediate as a 
carbocation or a carbanion. 


Gt 
a. CH3—C-OH b. ( Ye c. CH3CH,—Li 
CH, 


Bond Formation 


Like bond cleavage, bond formation occurs in two different ways. Two radicals can each donate 
one electron to form a two-electron bond. Alternatively, two ions with unlike charges can come 
together, with the negatively charged ion donating both electrons to form the resulting two- 
electron bond. Bond formation always releases energy. 


Forming a bond from two radicals | Forming a bond from two ions 


acy D — > A-B A + BY —— AB 
One electron comes from each atom. Both electrons come from one atom. 


All Kinds of Arrows 


Table 6.1 summarizes the many kinds of arrows used in describing organic reactions. Curved 
arrows are especially important because they explicitly show what electrons are involved in a 
reaction, how these electrons move in forming and breaking bonds, and if a reaction proceeds 
via a radical or polar pathway. 


a, 


Table 6.1 A Summary of Arrow Types in Chemical Reactions 


Arrow Name Use 


= Reaction arrow Drawn between the starting materials and 
products in an equation (6.1) 


Double reaction arrows Drawn between the starting materials and 


(equilibrium arrows) products in an equilibrium equation (2.2) 
t Double-headed arrow Drawn between resonance structures (1.6) 
a" Full-headed curved arrow Shows movement of an electron pair (1.6, 2.2) 
poy Half-headed curved arrow Shows movement of a single electron (6.3) 


(fisnhhook) 
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Sample Problem 6.1 Use full-headed or half-headed curved arrows to show the movement of electrons in each equation. 


OH, < Hl i 
a. -— + HÖ: b. H-G-H + i — H-G + H-Gi 
H H 


Solution 
a. In this reaction, the C-O bond is broken heterolytically. Because only one electron pair is 
involved, one full-headed curved arrow is needed. 


Ôh 
Oi — Cy: HÖ: «— The electron pair in the C—O bond ends up on O. 


b. This reaction involves radicals, so half-headed curved arrows are needed to show the 
movement of single electrons. One new two-electron bond is formed between H and Cl, and 
an unpaired electron is left on C. Because a total of three electrons are involved, three half- 
headed curved arrows are needed. 

Two electrons form a bond. 
Hl ñ 
H-H + ‘cl: — H-G. + H-Cl: 
H Hl 
An electron remains on C, 


Probiem 6.3 Use curved arrows to show the movement of electrons in each equation. 


+ 


. (CH3)C-N=N: ——* (CHg)gC* + :N=N: 


g 


b. “CH3 + ‘CH, ———> CH3—CH3 


CH3 ÇH; 
c. CHy-C+ + $F —> CHa-Ç-Èr: 
CH; CH3 


d. HÖ-ÖH —> 2HO- 


6.4 Bond Dissociation Energy 


Bond breaking can be quantified using the bond dissociation energy. 


e The bond dissociation energy is the energy needed to homolytically cleave a covalent 
bond. 


A-B —— A + B AH’ = bond dissociation energy 


PEESO SE 


Homolysis requires energy. 


The superscript (°) means 


that values are determined The energy absorbed or released in any reaction, symbolized by AH*, is called the enthalpy 
under standard conditions change or heat of reaction. 

(pure compounds in their most 

stable state at 25 °C and 1 atm e When AP’ is positive (+), energy is absorbed and the reaction is endothermic. 


pressure). e When AH’? is negative (-), energy is released and the reaction is exothermic. 
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Additional bond dissociation 
energies for C- C multiple 
bonds are given in Table 1.5. 


A bond dissociation energy is the AH? for a specific kind of reaction—the homolysis of a cova- 
lent bond to form two radicals. Because bond breaking requires energy, bond dissociation ener- 
gies are always positive numbers, and homolysis is always endothermic. Conversely, bond 
formation always releases energy, so this reaction is always exothermic. The H-H bond 
requires +435 kJ/mol to cleave and releases —435 kJ/mol when formed. Table 6.2 contains a 
representative list of bond dissociation energies for many common bonds. 


` Bond breaking is endothermic. | 


AH? = +435 kJ/mol 
H-H H + H 


Energy is needed. 


; l AH? =—435 kJ/mol 
A table of bond dissociation Energy is released. 


energies also appears in t 


Appendix C. . Bond making is exothermic. | 


Table 6.2 Bond Dissociation Energies for Some Common Bonds [A- B >A +-B] i | 
Bond AH” kJ/mol ikeal/mal) Bond AH? Kuve (kcal/mol) 
H—Z bonds R—X bonds 

H—F 569 (136) CH3—F 456 (109) 
H—CI 431 (103) CH,—Cl 351 (84) 
H—Br 368 (88) CH3—Br 293 (70) 
H-I 297 (71) CH3—I 234 (56) 
H—OH 498 (119) CH3CH2—F 448 (107) 
Bn CH3CH,—Cl 339 (81) 
Z—Z bonds CH3CH,—Br 285 (68) 
H—H 435 (104) CHaCH;—I 222 (53) 
F—F 159 (38) (CHg)>CH—F 444 (106) 
CI—CI 242 (58) (CHa)CH—CI 335 (80) 
Br—Br 192 (46) at ie 285 (68) 
I-I 151 (36) (CHs)sCH—I 222 (53) 
HO-—OH 213 (51) a )3C —F 444 (106) 
(CHs)sC—Cl 331 (79) 
R—H bonds (CH3)C—Br 272 (65) 
CH3—H 435 (104) (CHg)sC —1 209 (50) 
CHCHə—H 410 (98) 
CHCH2CH>—H 410 (98) R—OH bonds 
(CH3)sCH—H 397 (95) CH;—OH 389 (93) 
(CHs)sC—H 381 (91) CH;CH,—OH 393 (94) 
CH2=CH—H 435 (104) CH3CH2,CH2—OH 385 (92) 
HC=C—H 523 (125) (CHa)2CH—OH 401 (96) 
CH, = CHCH —H 364 (87) (CH3)3C —OH 401 (96) 
CgHs—H 460 (110) 
CgHsCH.—H 356 (85) 
R—R bonds 
CH3—CH3 368 (88) 
CH3—CH2CHs 356 (85) 
CH3—CH= CH, 385 (92) 


CH3;—C=CH 489 (117) 
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Problem 6.4 


Comparing bond dissociation energies is equivalent to comparing bond strength. 
e The stronger the bond, the higher its bond dissociation energy. 


For example, the H-H bond is stronger than the Cl—Cl bond because its bond dissociation 
energy is higher [Table 6.2: 435 kJ/mol (H3) versus 242 kJ/mol (Cl,)]. The data in Table 6.2 dem- 
onstrate that bond dissociation energies decrease down a column of the periodic table as the 
valence electrons used in bonding are farther from the nucleus. Bond dissociation energies 
for a group of methyl—halogen bonds exemplify this trend. 


CH3—F CH3—-Cl CH3~Br CH3-I 


AH’ = 456 kJ/mol 351 kJ/mol 293 kJ/mol 234 kJ/mol 


Because bond length increases down a column of the periodic table, bond dissociation energies 
are a quantitative measure of the general phenomenon noted in Chapter 1—shorter bonds are 
stronger bonds. 


Without looking at a table of bond dissociation energies, determine which bond in each pair has the 
higher bond dissociation energy. 


a. H-ClorH-Br b. CH3- OH or CH3- SH B: iiaii or ie ai 
(o + 7 bond) 


Bond dissociation energies are also used to calculate the enthalpy change (AH°) in a reaction 
in which several bonds are broken and formed. AH® indicates the relative strength of bonds 
broken and formed in a reaction. 


e When AH’? is positive, more energy is needed to break bonds than is released in 
forming bonds. The bonds broken in the starting material are stronger than the bonds 
formed in the product. 


e When AH’? is negative, more energy is released in forming bonds than is needed to 
break bonds. The bonds formed in the product are stronger than the bonds broken in 
the starting material. 


To determine the overall AH” for a reaction: 


[1] Beginning with a balanced equation, add the bond dissociation energies for all bonds broken 
in the starting materials. This (+) value represents the energy needed to break bonds. 

[2] Add the bond dissociation energies for all bonds formed in the products. This (—) value rep- 
resents the energy released in forming bonds. 


[3] The overall AH? is the sum in Step [1] plus the sum in Step [2]. 


AH? 
enthalpy change AH? of bonds broken AH? of bonds formed 
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Use the values in Table 6.2 to determine AH” for the following reaction. 


Sample Problem 6.2 
qh qho 
CH;-ÇỌ-CI + H-O-H ——~> CHs-G—OH + H-Cl 
CH3 CH3 
Solution 
[1] Bonds broken [2] Bonds formed [3] Overall AH? = 
AH? (kJ/mol) AH? (kJ/mol) sum in Step [1] 
E E È 
(CHg)gC—Cl +331 (CH3)3C—OH —401 sum in Step [2] 
H-OH +498 H-Cl —431 
+829 kJ/mol 
Total +829 kJ/mol Total —832 kJ/mol —832 kJ/mol 
Energy needed to break bonds. Energy released in forming bonds. Answer: -3 kJ/mol 
Because AH’ is a negative value, this reaction is exothermic and energy is released. The bonds 
broken in the starting material are weaker than the bonds formed in the product. 
Problem 6.5 Use the values in Table 6.2 to calculate AH° for each reaction. Classify each reaction as 


Problem 6.6 


endothermic or exothermic. 
a. CHaCH2- Br + HO ——> CH3CH2-OH + HBr b. CH4 + Cle ——~> CHCl + HCI 


The oxidation of both isooctane and glucose, the two molecules that introduced Chapter 6, forms 
CO, and H,O. 


(CHa)aCCHCH(CHa)a + (25/2)0. ——> 8CO, + 9H,0 
isooctane AH? = -5447 kJ/mol 


Energy is released. 


AH’? = -2872 kJ/mol 


glucose 


AH? is negative for both oxidations, so both reactions are exothermic. Both isooctane and glu- 
cose release energy on oxidation because the bonds in the products are stronger than the 
bonds in the reactants. 


Bond dissociation energies have two important limitations. They present overall energy changes 
only. They reveal nothing about the reaction mechanism or how fast a reaction proceeds. Moreover, 
bond dissociation energies are determined for reactions in the gas phase, whereas most organic reac- 
tions are carried out in a liquid solvent where solvation energy contributes to the overall enthalpy 
of a reaction. As such, bond dissociation energies are imperfect indicators of energy changes in a 
reaction. Despite these limitations, using bond dissociation energies to calculate AH? gives a useful 
approximation of the energy changes that occur when bonds are broken and formed in a reaction. 
Calculate AH° for each oxidation reaction. Each equation is balanced as written; remember to take 
into account the coefficients in determining the number of bonds broken or formed. 

[AH® for O; = 497 kJ/mol; AH® for one C=O in CO; = 535 kJ/mol] 

a. CH, +2 O, ——~ CO; +2 H0 b. 2 CHCH; + 7 O2 ——> 4CO,+6H,0 
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6.5 Thermodynamics 


For a reaction to be practical, the equilibrium must favor the products, and the reaction rate must 
be fast enough to form them in a reasonable time. These two conditions depend on the thermo- 
dynamics and the kinetics of a reaction, respectively. 


e Thermodynamics describes energy and equilibrium. How do the energies of the 
reactants and the products compare? What are the relative amounts of reactants and 
products at equilibrium? 


Reaction kinetics are discussed 
in Section 6.9. e Kinetics describes reaction rates. How fast are reactants converted to products? 


6.5A Equilibrium Constant and Free Energy Changes 


The equilibrium constant, Keq, is a mathematical expression that relates the amount of starting 
material and product at equilibrium. For example, when starting materials A and B react to form 
products C and D, the equilibrium constant is given by the following expression. 


| Reaction | Equilibrium constant | 


[products] = {C][D] 
[starting materials] o [ARB] 


Keg was first defined in Section 
2.3 for acid-base reactions. 


A+ B = C + O|K, 2 


The size of Ke, tells about the position of equilibrium; that is, it expresses whether the starting 
materials or products predominate once equilibrium has been reached. 


e When Keq > 1, equilibrium favors the products (C and D) and the equilibrium lies to the right 
as the equation is written. 

e When Keq < 1, equilibrium favors the starting materials (A and B) and the equilibrium lies 
to the left as the equation is written. 


e For a reaction to be useful, the equilibrium must favor the products, and Keg > 1. 


What determines whether equilibrium favors the products in a given reaction? The position of 
equilibrium is determined by the relative energies of the reactants and products. The free 
energy of a molecule, also called its Gibbs free energy, is symbolized by G°. The change in free 
energy between reactants and products, symbolized by AG?, determines whether the starting 
materials or products are favored at equilibrium. 


e AG” is the overall energy difference between reactants and products. 


| Free energy change AG? = G@?products = G’ reactants 


i 


free energy free energy | 
| of the products | | of the reactants | 


AG* is related to the equilibrium constant K,, by the following equation: 


AG° = -2.303ATlog Keg | R = 8.314 J/(Kemol), the gas constant 


| | T = Kelvin temperature (K) 
| 


í B- 2 
| Keg depends on the energy difference | 
_ between reactants and products. 


— m m m 


Using this expression we can determine the relationship between the equilibrium constant and 
the free energy change between reactants and products. 


At 25 °C, 2.303AT = 5.9 kJ/mol; 
thus, AG’? = -5.9log Keg. 


Keg > 1 when AG” < 0, and 


equilibrium favors the products. 


Keg < 1 when AG” > 0, and 
equilibrium favors the starting 
materials. 


Figure 6.3 


Summary of the relationship 
between AG” and Keg 


The symbol ~ means 
approximately. 


Problem 6.7 
Problem 6.8 


Problem 6.9 


6.5 Thermodynamics 
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e When K,, > 1, log Kg, is positive, making AG’ negative, and energy is released. Thus, 


equilibrium favors the products when the energy of the products is /ower than the 
energy of the reactants. 


e When Kaq < 1, log Keg is negative, making AG’ positive, and energy is absorbed. Thus, 


equilibrium favors the reactants when the energy of the products is higher than the 
energy of the reactants. 


Compounds that are lower in energy have increased stability. Thus, equilibrium favors the prod- 
ucts when they are more stable (lower in energy) than the starting materials of a reaction. 


This is summarized in Figure 6.3. 


| Equilibrium always favors the species /ower in energy. | 


G? products G” reactants 
= — 
AG°>0 | Keg <1) AG? <0 | Keq>1) 
i G reactants more stable reactants G? products more stable products 


| Equilibrium favors the starting materials. 


Because AG? depends on the logarithm of Keg» 


_ Equilibrium favors the products. 


a small change in energy corresponds to a large 


difference in the relative amount of starting material and product at equilibrium. Several 
values of AG? and K,, are given in Table 6.3. For example, a difference in energy of only ~6 kJ/mol 
means that there is 10 times as much of the more stable species at equilibrium. A difference in 
energy of ~18 kJ/mol means that there is essentially only one compound, either starting material 


or product, at equilibrium. 


Table 6.3 Representative Values for AG’ and Keq at 25 °C, for a Reaction A >B 


AG’ Relative amount of A and B 
(kJ/mol) Reg at equilibrium 
= +18 10° Essentially all A (99.9%) z 
+12 107 100 times as much A as B 5 
+6 10" 10 times as much Aas B i 
0 1 Equal amounts of A and B 
-6 10! 10 times as much Bas A 
-12 10? 100 times as much B as A 
; -18 10° Essentially all B (99.9%) 
t t 


A small difference in free energy means a large difference in the amount of A and B at equilibrium, 


a. Which Keg corresponds to a negative value of AG°, Keq = 1000 or Keg = .001? 
b. Which Keq corresponds to a lower value of AG®, Keg = 10 or Keg = 10°? 


Given each of the following values, is the starting material or product favored at equilibrium? 
a. Keg = 5.5 b. AG° = 40 kJ/mol 


Given each of the following values, is the starting material or product lower in energy? 
a. AG° = 8.0 kJ/mol b. Keg = 10 c. AG? = -12 kJ/mol d. Keg = 10° 
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6.5B 


Problem 6.10 


6.6 


Entropy is a rather intangible 
concept that comes up 

again and again in chemistry 
courses. One way to remember 
the relation between entropy 
and disorder is to consider 

a handful of chopsticks. 
Dropped on the floor, they 

are arranged randomly (a 
state of high entropy). Placed 
end-to-end in a straight line, 
they are arranged intentionally 
(a state of low entropy). The 
more disordered, random 
arrangement is favored and 
easier to achieve energetically. 
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Energy Changes and Conformational Analysis 


These equations can be used for any process with two states in equilibrium. As an example, 
monosubstituted cyclohexanes exist as two different chair conformations that rapidly intercon- 
vert at room temperature, with the conformation having the substituent in the roomier equatorial 
position favored (Section 4.13). Knowing the energy difference between the two conformations 
allows us to calculate the amount of each at equilibrium. 


For example, the energy difference between the two chair conformations of phenylcyclohexane 
is —12.1 kJ/mol, as shown in the accompanying equation. Using the values in Table 6.3, this 
corresponds to an equilibrium constant of ~100, meaning that there is approximately 100 times 
more B (equatorial phenyl group) than A (axial phenyl group) at equilibrium. 


axial ra 


equatorial ee 
t 
-12.1 kJ/mol ———— > K,, = ~100 | ~100 times more B than A at equilibrium | 


The equilibrium constant for the conversion of the axial to the equatorial conformation of 
methoxycyclohexane is 2.7. 


H 
4 a Zoon, Keq = 2.7 
m 


OCH; 


= —12.1 kJ/mol 


B 
AG® = -2.303AT log Keg 


a. Given these data, which conformation is present in the larger amount at equilibrium? 
b. Is AG’ for this process positive or negative? 
c. From the values in Table 6.3, approximate the size of AG”. 


Enthalpy and Entropy 


The free energy change (AG°) depends on the enthalpy change (AH°) and the entropy change 
(AS°). AH” indicates relative bond strength, but what does AS° measure? 


Entropy (S°) is a measure of the randomness in a system. The more freedom of motion or 
the more disorder present, the higher the entropy. Gas molecules move more freely than liquid 
molecules and are higher in entropy. Cyclic molecules have more restricted bond rotation than 
similar acyclic molecules and are lower in entropy. 


The entropy change (AS°) is the change in the amount of disorder between reactants and 
products. AS? is positive (+) when the products are more disordered than the reactants. AS° is 
negative (—) when the products are less disordered (more ordered) than the reactants. 


e Reactions resulting in an increase in entropy are favored. 


AG” is related to AH? and AS° by the following equation: 
AH? — 


Total energy change G = 


change in misc in 
bonding energy disorder 


= d T = Kelvin temperature ] 


Recall from Section 6.4 that a 
reaction is endothermic when 
AH’ is positive and exothermic 
when AH’ is negative. A 
reaction is endergonic when 
AG” is positive and exergonic 
when AG’ is negative. AG° 

is usually approximated by 
AH’ in this text, so the terms 
endergonic and exergonic are 
rarely used. 


Problem 6.11 


Problem 6.12 


Probiem 6.13 
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This equation tells us that the total energy change in a reaction is due to two factors: the change in 
the bonding energy and the change in disorder. The change in bonding energy can be calculated 
from bond dissociation energies (Section 6.4). Entropy changes, on the other hand, are more dif- 
ficult to assess, but they are important when: 


e The number of molecules of starting material differs from the number of molecules of prod- 
uct in the balanced chemical equation. 

e An acyclic molecule is cyclized to a cyclic one, or a cyclic molecule is converted to an acyclic 
one. 


For example, when a single starting material forms two products, as in the homolytic cleav- 
age of a bond to form two radicals, entropy increases and favors formation of the products. In 
contrast, entropy decreases when an acyclic compound forms a ring, because a ring has fewer 
degrees of freedom. In this case, therefore, entropy does not favor formation of the product. 


a single reactant 


E T , 
cyclize 
A-B — 5 r + 7 XK ens Y SS a 
two products X and Y react. $ 


more restricted motion 


Entropy increases and 
favors the products. 
Entropy decreases and 
favors the reactants. 


The metabolism of glucose (Section 6.4) is favored by entropy because the number of molecules 
of products formed (6 CO, and 6 H,O) is greater than the number of molecules of reactants 
(C6H1206 and 6 O2). Moreover, a cyclic reactant is cleaved to form 12 acyclic product molecules. 


In most other reactions that are not carried out at high temperature, the entropy term (TAS°) is 
small compared to the enthalpy term (AH°) and it can be neglected. Thus, we will often approxi- 
mate the overall free energy change of a reaction by the change in the bonding energy only. 
Keep in mind that this is an approximation, but it gives us a starting point from which to decide 
if the reaction is energetically favorable. 


| AG® = AH® e The total energy change is approximated 
by the change in bonding energy only. 
According to this approximation: 


e The product is favored in reactions in which AH? is a negative value; that is, the bonds 
in the product are stronger than the bonds in the starting material. 


e The starting material is favored in a reaction in which AH’ is a positive value; that is, the 
bonds in the starting material are stronger than the bonds in the product. 


Considering each of the following values and neglecting entropy, tell whether the starting material 
or product is favored at equilibrium: (a) AH° = 80 kJ/mol; (b) AH° = -40 kJ/mol. 

For a reaction with AH° = 40 kJ/mol, decide which of the following statements is (are) true. Correct 
any false statement to make it true. (a) The reaction is exothermic; (b) AG° for the reaction is 
positive; (c) Keq is greater than 1; (d) the bonds in the starting materials are stronger than the bonds 
in the product; and (e) the product is favored at equilibrium. 


Answer Problem 6.12 for a reaction with AH° = -20 kJ/mol. 
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6.7 


A slow reaction has a large 
E.. A fast reaction has a 
low E,. 


Energy Diagrams 


An energy diagram is a schematic representation of the energy changes that take place as reac- 
tants are converted to products. An energy diagram indicates how readily a reaction proceeds, 
how many steps are involved, and how the energies of the reactants, products, and intermediates 
compare. 


Consider, for example, a concerted reaction between molecule A-B with anion C:" to form 
products A:” and B-C. If the reaction occurs in a single step, the bond between A and B is bro- 
ken as the bond between B and C is formed. Let’s assume that the products are lower in energy 
than the reactants in this hypothetical reaction. 


| General reaction | Ki + Œ —— A` + ii 


This bond is broken. This bond is formed. 


An energy diagram plots energy on the y axis versus the progress of reaction, often labeled the 
reaction coordinate, on the x axis. As the starting materials A -B and C: approach one another, 
their electron clouds feel some repulsion, causing an increase in energy, until a maximum value 
is reached. This unstable energy maximum is called the transition state. In the transition state 
the bond between A and B is partially broken, and the bond between B and C is partially formed. 
Because it is at the top of an energy “hill,’ a transition state can never be isolated. 


| transition state 


| The products are lower in energy 
= | than the starting materials. 
A: + B-C - 


Reaction coordinate 


At the transition state, the bond between A and B can re-form to regenerate starting material, or 
the bond between B and C can form to generate product. As the bond forms between B and C the 
energy decreases until some stable energy minimum of the products is reached. 


e The energy difference between the reactants and products is AH°. Because the 
products are at lower energy than the reactants, this reaction is exothermic and energy 
is released. 


e The energy difference between the transition state and the starting material is called 
the energy of activation, symbolized by E. 


The energy of activation is the minimum amount of energy needed to break bonds in the 
reactants. It represents an energy barrier that must be overcome for a reaction to occur. The 
size of E, tells us about the reaction rate. 


e The larger the E,, the greater the amount of energy that is needed to break bonds, and 
the slower the reaction rate. 
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How can we draw the structure of the unstable transition state? The structure of the transition 
state is somewhere in between the structures of the starting material and product. Any bond that 
is partially broken or formed is drawn with a dashed line. Any atom that gains or loses a charge 
contains a partial charge in the transition state. Transition states are drawn in brackets, with a 
superscript double dagger (*). 


In the hypothetical reaction between A -B and C:" to form A:" and B-C, the bond between A and 
B is partially broken, and the bond between B and C is partially formed. Because A gains a negative 
charge and C loses a charge in the course of the reaction, each atom bears a partial negative charge 


in the transition state. 
[ Drawing the structure of a transition state | 


[ & Jt 


This bond is partially broken. This bond is partially formed. 


Several energy diagrams are drawn in Figure 6.4. For any energy diagram: 


e E, determines the height of the energy barrier. 
e AH® determines the relative position of the reactants and products. 


Figure 6.4 Example [1] Example [3] 
Some representative + Large E, — slow reaction * Low E, — fast reaction 
energy diagrams e (+) AH° — endothermic reaction e (+) AH° — endothermic reaction 


Reaction coordinate Reaction coordinate 
Example [2] Example [4] 
e Large E — slow reaction e Low E, — fast reaction 
¢ (-) AH° — exothermic reaction e (-) AH’ — exothermic reaction 


i bee \ fares] | 
See “AMPs ().| 


2B eS SSS ss 
Reaction coordinate Reaction coordinate 
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Figure6.5 a, 
Comparing AH? and E; in two 
energy diagrams 


E, NS different E, 


Reaction coordinate Reaction coordinate 


¢ Energy diagrams in (a) and (b) both depict exothermic reactions with the same negative value of AH°. 
e E, in (a) is lower than E, in (b), so reaction (a) is faster than reaction (b). 


The two variables, E, and AH®, are independent of each other. Two reactions can have identical 
values for AH® but very different E, values. In Figure 6.5, both reactions have the same negative 
AH” favoring the products, but the second reaction has a much higher E,, so it proceeds more 
slowly. 

Problem 6.14 Draw an energy diagram for a reaction in which the products are higher in energy than the 
starting materials and £, is large. Clearly label all of the following on the diagram: the axes, 
the starting materials, the products, the transition state, AH°, and Ea. 


Problem 6.15 Draw the structure for the transition state in each reaction. 


qh ot 
+ 
a. CH3-C-OH, ——> CH3-C* + H,0 b: CH;0-H + -OH ——~ CH;07 + H20 
3 l 2 3 Í 3 3 2 
CH, CH3 


Problem 6.16 Compound A can be converted to either B or C. The energy diagrams for both processes are 
drawn on the graph below. 
. Label each reaction as endothermic or exothermic. 
. Which reaction is faster? 
E c. Which reaction generates the product lower in 
D energy? 
d. Which points on the graphs correspond to transition 
states? 
e. Label the energy of activation for each reaction. 
f. Label the AH° for each reaction. 


O w 


Cc 
Reaction coordinate 


6.8 Energy Diagram for a Two-Step Reaction Mechanism 


Although the hypothetical reaction in Section 6.7 is concerted, many reactions involve more than 
one step with formation of a reactive intermediate. Consider the same overall reaction, 
A-B + C7 to form products A: + B-C, but in this case begin with the assumption that the 
reaction occurs by a stepwise pathway—that is, bond breaking occurs before bond making. Once 
again, assume that the overall process is exothermic. 


| Same overall reaction | P + Cr —— > Ar + "T° 


This bond is broken... before ...this bond is formed. 
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One possible stepwise mechanism involves heterolysis of the A -B bond to form two ions A:" and 
B+, followed by reaction of B* with anion C:" to form product B-C, as outlined in the accom- 
panying equations. Species B* is a reactive intermediate. It is formed as a product in Step [1], 
and then goes on to react with C:" in Step [2]. 


A two-step reaction mechanism 


Step [1]: Heterolysis of the A-B bond Step [2]: Formation of the B-C bond 
i —— A + B Bo + Cr ——~ B-C 


Break one bond. Form one bond. 


B* Is an Intermediate: 


it is formed in Step [1] and 
it is consumed in Step [2]. 


We must draw an energy diagram for each step, and then combine them in an energy diagram 
for the overall two-step mechanism. Each step has its own energy barrier, with a transition state 
at the energy maximum. 


Step [1] is endothermic because energy is needed to cleave the A -B bond, making AH” a posi- 
tive value and placing the products of Step [1] at higher energy than the starting materials, In the 
transition state, the A -B bond is partially broken. 


ae + 
Energy diagram for Step [1] | | ; : i 
ZTA Step [1] 


A: + Bt 


AH? for Step [1] is (+) because energy is 
needed to break the A-B bond. 


AH[1] 


Reaction coordinate 


Step [2] is exothermic because energy is released in forming the B-C bond, making AH® a 
negative value and placing the products of Step [2] at lower energy than the starting materials of 
Step [2]. In the transition state, the B-C bond is partially formed. 


E f Y 
nergy diagram for Step [2] í J ransition ciate 
B--- Step [2] 


Aa 


AH*[2] 


=a a oe eS ee = ae eee 


Reaction coordinate 
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Figure 6.6 

Complete energy diagram for 
the two-step conversion of 
A-B+Cr SAD +B-C 


Problem 6.17 


Problem 6.18 


& S 
jea 


AS +t Bt TCS 


AH” overa: This energy difference 
is the overall AH? for the 
two-step process. 


4H°*(1] 


Reaction coordinate 


* The transition states are located at energy maxima, while the reactive intermediate B+ is located at 
an energy minimum. 

e Each step is characterized by its own value of AH° and E,. 

e The overall energy difference between starting material and products is called AH°gyeray. In this example, 
the products of the two-step sequence are at lower energy than the starting materials. 

e Since Step [1] has the higher energy transition state, it is the rate-determining step. 


The overall process is shown in Figure 6.6 as a single energy diagram that combines both steps. 
Because the reaction has two steps, there are two transition states, each corresponding to an 
energy barrier. The transition states are separated by an energy minimum, at which the reactive 
intermediate B* is located. Because we made the assumption that the overall two-step process is 
exothermic, the overall energy difference between the reactants and products, labeled AH? overalls 
has a negative value, and the final products are at a lower energy than the starting materials. 


The energy barrier for Step [1], labeled £,[1], is higher than the energy barrier for Step [2], 
labeled E,[2]. This is because bond cleavage (Step [1]) is more difficult (requires more energy) 
than bond formation (Step [2]). A higher energy transition state for Step [1] makes it the slower 
step of the mechanism. 


e Ina multistep mechanism, the step with the highest energy transition state is called the 
rate-determining step. 


In this reaction, the rate-determining step is Step [1]. 


Consider the following energy diagram. 


How many steps are involved in this reaction? 
Label AH° and E, for each step, and label AH® overa: 
Label each transition state. 

Which point on the graph corresponds to a reactive 
intermediate? 

e. Which step is rate-determining? 

f. Is the overall reaction endothermic or exothermic? 


Rog 


——_——_——————M 


Reaction coordinate 


Draw an energy diagram for a two-step reaction, A > B —> C, where the relative energy of these 
compounds is C < A < B, and the conversion of B > C is rate-determining. 
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6.9 Kinetics 


Some reactions have a very 
favorable equilibrium constant 
(Keg >> 1), but the rate is very 
slow. Gasoline can be safely 
handled in the air because its 
reaction with O; is slow unless 
there is a spark to provide 
energy to initiate the reaction. 


Practically, the effect of 
temperature on reaction rate 
is used to an advantage in the 
kitchen. Food is stored ina 
cold refrigerator to slow the 
reactions that cause spoilage. 


Problem 6,19 


We now turn to a more detailed discussion of reaction rate—that is, how fast a particular reaction 
proceeds. The study of reaction rates is called kinetics. 


The rate of chemical processes affects many facets of our lives. Aspirin is an effective anti- 
inflammatory agent because it rapidly inhibits the synthesis of prostaglandins (Section 19.6). Butter 
turns rancid with time because its lipids are only slowly oxidized by oxygen in the air to undesir- 
able by-products (Section 15.11). DDT (Section 7.4) is a persistent environmental pollutant because 
it does not react appreciably with water, oxygen, or any other chemical with which it comes into 
contact. All of these processes occur at different rates, resulting in beneficial or harmful effects. 


6.9A Energy of Activation 


As we learned in Section 6.7, the energy of activation, E,, is the energy difference between the 
reactants and the transition state. It is the energy barrier that must be exceeded for reactants to 
be converted to products. 


— Larger Ea —> slower reaction 


—— slower reaction 


— faster reaction 


Reaction coordinate 
e The larger the E., the slower the reaction. 


Concentration and temperature also affect reaction rate. 


© The higher the concentration, the faster the rate. Increasing concentration increases the 
number of collisions between reacting molecules, which in turn increases the rate. 


e The higher the temperature, the faster the rate. Increasing temperature increases 
the average kinetic energy of the reacting molecules. Because the kinetic energy of 
colliding molecules is used for bond cleavage, increasing the average kinetic energy 
increases the rate. 


The E, values of most organic reactions are 40—150 kJ/mol. When E, < 80 kJ/mol, the reaction 
occurs readily at or below room temperature. When E, > 80 kJ/mol, higher temperatures are 
needed. As a rule of thumb, increasing the temperature by 10 °C doubles the reaction rate. Thus, 
reactions in the lab are often heated to increase their rates so they occur in a reasonable amount 
of time. 


Keep in mind that certain reaction quantities have no effect on reaction rate. 


e AG°, AH’, and Keq do not determine the rate of a reaction. These quantities indicate the 
direction of equilibrium and the relative energy of reactants and products. 


Which value (if any) corresponds to a faster reaction: (a) Ea = 40 kJ/mol or E, = 4 kJ/mol; 
(b) a reaction temperature of 0 °C or a reaction temperature of 25 °C; (c) Keg = 10 or Keg = 100; 
(d) AH’? = -10 kJ/mol or AH? = 10 kJ/mol? 
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Problem 6.20 


6.9B 


A rate constant k and the 
energy of activation E, are 
inversely related. A high E, 
corresponds to a small k. 


For a reaction with Keg = 0.8 and E, = 80 kJ/mol, decide which of the following statements is (are) 
true. Correct any false statement to make it true. Ignore entropy considerations. (a) The reaction 
is faster than a reaction with Keq = 8 and E, = 80 kJ/mol. (b) The reaction is faster than a reaction 
with Keq = 0.8 and E, = 40 kJ/mol. (c) AG° for the reaction is a positive value. (d) The starting 
materials are lower in energy than the products of the reaction. (e) The reaction is exothermic. 


Rate Equations 


The rate of a chemical reaction is determined by measuring the decrease in the concentration of 
the reactants over time, or the increase in the concentration of the products over time. A rate law 
(or rate equation) is an equation that shows the relationship between the rate of a reaction and 
the concentration of the reactants. A rate law is determined experimentally, and it depends on the 
mechanism of the reaction. 


A rate law has two important terms: the rate constant symbolized by k, and the concentration of 
the reactants, Not all reactant concentrations may appear in the rate equation, as we shall soon see. 


rate constant 


Rate law 
or rate = k [reactants] 


Rate equation 


concentration of reactants 


A rate constant k is a fundamental characteristic of a reaction. It is a complex mathematical term 
that takes into account the dependence of a reaction rate on temperature and the energy of activation. 


e Fast reactions have large rate constants. 
e Slow reactions have small rate constants. 


What concentration terms appear in the rate equation? That depends on the mechanism. For the 
organic reactions we will encounter: 


¢ A rate equation contains concentration terms for all reactants involved in a one-step 
mechanism. 

e A rate equation contains concentration terms for only the reactants involved in the 
rate-determining step in a multistep reaction. 


For example, in the one-step reaction of A-B + C7 to form A: + B-C, both reactants appear 
in the transition state of the only step of the mechanism. The concentration of both reactants 
affects the reaction rate and both terms appear in the rate equation. This type of reaction involv- 
ing two reactants is said to be bimolecular. 


| A one-step reaction | 


A-B + Cr ——> AY + B-C rate = k[AB][C: ] 


t f 
5; : sum of the exponents = 2 
fen reactants are involved in the only step. 


Both reactants determine the rate. | Second-order rate equation 


The order of a rate equation equals the sum of the exponents of the concentration terms in 
the rate equation. In the rate equation for the concerted reaction of A-B + C77, there are two 
concentration terms, each with an exponent of one. Thus, the sum of the exponents is two and 
the rate equation is second order (the reaction follows second-order kinetics). 


Because the rate of the reaction depends on the concentration of both reactants, doubling the 
concentration of either A-B or C+" doubles the rate of the reaction. Doubling the concentration 
of both A-B and C:" increases the reaction rate by a factor of four. 


Problem 6.21 


Problem 6.22 
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The situation is different in the stepwise conversion of A-B + C7 to form A: + B-C. The 
mechanism shown in Section 6.8 has two steps: a slow step (the rate-determining step) in which 
the A-B bond is broken, and a fast step in which the B-C bond is formed. 


A two-step mechanism | 


i oO 
ay" —— A> + BY — B-C rate = k [AB] 
Step [1] Step [2] 
rate-determining only one concentration term 


Only AB is involved in the rate-determining step. First-order rate equation 


Only [AB] determines the rate. 


In a multistep mechanism, a reaction can occur no faster than its rate-determining step. Only the 
concentrations of the reactants affecting the rate-determining step appear in the rate equa- 
tion. In this example, the rate depends on the concentration of A-B only, because only A-B 
appears in the rate-determining step. A reaction involving only one reactant is said to be unimo- 
lecular. Because there is only one concentration term (raised to the first power), the rate equa- 
tion is first order (the reaction follows first-order kinetics). 


Because the rate of the reaction depends on the concentration of only one reactant, doubling the 
concentration of A-B doubles the rate of the reaction, but doubling the concentration of C: 
has no effect on the reaction rate. 


This might seem like a puzzling result. If C:" is involved in the reaction, why doesn’t it affect 
the overall rate of the reaction? Not only can you change the concentration of C:" and not affect 
the rate, but you also can replace it by a different anion without affecting the rate. How can this 
be? C:" is not involved in the slow step of the reaction, so neither its concentration nor its 
identity affects the reaction rate. 


The following analogy is useful. Let’s say three students must make 20 peanut butter and jelly 
sandwiches for a class field trip. Student (1) spreads the peanut butter on the bread. Student (2) 
spreads on the jelly, and student (3) cuts the sandwiches in half. Suppose student (2) is very slow 
in spreading the jelly. It doesn’t matter how fast students (1) and (3) are; they can’t finish making 
sandwiches any faster than student (2) can add the jelly. Five more students can spread on the 
peanut butter, or an entirely different individual can replace student (3), and this doesn’t speed 
up the process. How fast the sandwiches are made is determined entirely by the rate-determining 
step—that is, spreading the jelly. 


Rate equations provide very important information about the mechanism of a reaction. Rate laws 
for new reactions with unknown mechanisms are determined by a set of experiments that mea- 
sure how a reaction’s rate changes with concentration. Then, a mechanism is suggested based on 
which reactants affect the rate. 


For each rate equation, what effect does the indicated concentration change have on the overall 
rate of the reaction? 
[1] rate = k[CH3CH,Br]["OH] 
a. tripling the concentration of CH3CH2Br only 
b. tripling the concentration of “OH only 
c. tripling the concentration of both CH3CH2Br and “OH 
[2] rate = k[(CH3)3COH] 
a. doubling the concentration of (CH3)3COH 
b. increasing the concentration of (CH3)3COH by a factor of 10 


Write a rate equation for each reaction, given the indicated mechanism. 
a. CH,CH,-Br + -OH ——> CH=CH; + H,O + Br 


b. (CHa)3C-Br ——> (CH,),Ct OH. (CH,),C=CH, + H,O 
slow fast 


+ Bro 
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6.10 


Problem 6.23 


Figure 6,7 


The effect of a catalyst 
on a reaction 


Catalysts 


Some reactions do not occur in a reasonable time unless a catalyst is added. 


e A catalyst is a substance that speeds up the rate of a reaction. A catalyst is recovered 
unchanged in a reaction, and it does not appear in the product. 


Common catalysts in organic reactions are acids and metals. Two examples are shown in the 
accompanying equations. 


lo + CH4CH2OH ao ii + HO 
CH3 “`OH i CH% ~ ~OCHsCHs e 
acetic acid ethanol aaa ethyl acetate 
| catalyst y 
Pd 
CH2=CH; + Ho CH3CH3 
ethylene ethane 


The reaction of acetic acid with ethanol to yield ethyl acetate and water occurs in the presence of 
an acid catalyst. The acid catalyst is written over or under the arrow to emphasize that it is not part 
of the starting materials or the products. The details of this reaction are discussed in Chapter 22. 


The reaction of ethylene with hydrogen to form ethane occurs only in the presence of a metal 
catalyst such as palladium, platinum, or nickel. The metal provides a surface that binds both the 
ethylene and the hydrogen, and in doing so, facilitates the reaction. We return to this mechanism 
in Chapter 12. 


Catalysts accelerate a reaction by lowering the energy of activation (Figure 6.7). They have 
no effect on the equilibrium constant, so they do not change the amount of reactant and product 
at equilibrium. Thus, catalysts affect how quickly equilibrium is achieved, but not the relative 
amounts of reactants and products at equilibrium. If a catalyst is somehow used up in one step 
of a reaction sequence, it must be regenerated in another step. Because only a small amount of 
a catalyst is needed relative to starting material, it is said to be present in a catalytic amount. 


Identify the catalyst in each equation. 


H2O O m PF 
a. CH=CH; 25" CHOHOH c. A =" PN 


HCI ——~> CHOH + cr 
b. CH3 TOH 3 


| E, catalyzed 


—— 
Ea uncatalyzed 


—— uncatalyzed reaction: larger E,—slower reaction 


products  —— Catalyzed reaction: lower E,—faster reaction 


reactants 


Reaction coordinate 


e The catalyst lowers the energy of activation, thus increasing the rate of the catalyzed reaction. 
e The energy of the reactants and products is the same in both the uncatalyzed and catalyzed 
reactions, so the position of equilibrium is unaffected. 


6.11 


Figure 6.8 


Lactase, an example of a 
biological catalyst 


enzyme 


enzyme 
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Enzymes 


The catalysts that synthesize and break down biomolecules in living organisms are governed by 
the same principles as the acids and metals in organic reactions. The catalysts in living organisms, 
however, are usually protein molecules called enzymes. 


e Enzymes are biochemical catalysts composed of amino acids held together in a very 
specific three-dimensional shape. 


An enzyme contains a region called its active site, which binds an organic reactant, called a sub- 
strate. When bound, this unit is called the enzyme-substrate complex, as shown schematically 
in Figure 6.8 for the enzyme lactase, the enzyme that binds lactose, the principal carbohydrate 
in milk. Once bound, the organic substrate undergoes a very specific reaction at an enhanced 
rate. In this example, lactose is converted into two simpler sugars, glucose and galactose. When 
individuals lack adequate amounts of lactase, they are unable to digest lactose, causing abdominal 
cramping and diarrhea. 


An enzyme speeds up a biological reaction in a variety of ways. It may hold reactants in the 
proper conformation to facilitate reaction, or it may provide an acidic site needed for a particular 
transformation. Once the reaction is completed, the enzyme releases the substrate and it is then 
able to catalyze another reaction. 


+9, - 
@@e °? 
bd $o 9. ®. 
- SETS 
i 

e = The enzyme catalyzes 
lactose the breaking of this bond. 
C12H22011 s zm — 


active site 


[1] 


lactase 


enzyme-substrate complex 


+ Ree + eetos 


galactose 
C6H1206 


lactase 


The enzyme is the catalyst. It is 
recovered unchanged in the reaction. 


The enzyme lactase binds the carbohydrate lactose (C;2H220j,) in its active site in Step [1]. Lactose 
then reacts with water to break a bond and form two simpler sugars, galactose and glucose, in 
Step [2]. This process is the first step in digesting lactose, the principal carbohydrate in milk. 
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KEY CONCEPTS : D 


Understanding Organic Reactions 


Writing Equations for Organic Reactions (6.1) 
e Use curved arrows to show the movement of electrons. Full-headed arrows are used for electron pairs and half-headed arrows are 
used for single electrons. 
e Reagents can be drawn either on the left side of an equation or over the reaction arrow. Catalysts are drawn over or under the 
reaction arrow. 


Types of Reactions (6.2) 


|p= | 
[1] Substitution -ofz tY —— —ef¥] + Z | Z =H or a heteroatom 
Y replaces Z 


[2] Elimination 


No a 
[3] Addition C=C + X-Y —- —C-C— 
/ f X% 1 
C x Y 
This m bond is broken. Two o bonds are formed. 


important Trends 


Values compared 


Bond dissociation energy The higher the bond dissociation energy, the stronger the bond (6.4). 
and bond strength 

Energy and stability The higher the energy, the less stable the species (6.5A). 

E, and reaction rate The Jarger the energy of activation, the slower the reaction (6.9A). 

E, and rate constant The larger the energy of activation, the smaller the rate constant (6.9B). 


Reactive intermediates (6.3) 


e Breaking bonds generates reactive intermediates. 
e Homolysis generates radicals with unpaired electrons. 
e Heterolysis generates ions. 


Reactive General 
intermediate structure Reactive feature Reactivity 


Radical $ Unpaired electron Electrophilic 


Carbocation Positive charge; Electrophilic 
only six electrons around C 


Carbanion : Net negative charge; Nucleophilic 
lone electron pair on C 


Key Concepts 


Energy Diagrams (6.7, 6.8) 


transition state 


E, determines the rate. 


AH? is the difference in bonding energy 
between the reactants and products. 


products 


Reaction coordinate 


Conditions Favoring Product Formation (6.5, 6.6) 


Variable Value Meaning 
Keq More products than reactants are present at equilibrium. 
AG’ The free energy of the products is lower than the energy of the reactants. 
AH? Bonds in the products are stronger than bonds in the reactants. 
AS° The products are more disordered than the reactants. 
Equations (6.5, 6.6) 


AH? = TAS? 


i change in ] change in 
bonding energy disorder 


| | T = Kelvin temperature (K) | 


AG? = -2.303AT log Keq AG? 


_——a 


Keq depends on the energy difference 
between reactants and products. 


R =8.314 J/(Kemol), the gas constant 
T = Kelvin temperature (K) 


free energy 
change 


Factors Affecting Reaction Rate (6.9) 


Factor Effect 


Energy of activation Larger Ea ---—> slower reaction 
Concentration Higher concentration ---~ faster reaction 
Temperature Higher temperature ---~ faster reaction 
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PROBLEMS - —— 


Problems Using Three-Dimensional Models 


6.24 Draw the products of homolysis or heterolysis of each indicated bond. Use electronegativity differences to decide on the 
location of charges in the heterolysis reaction. Classify each carbon reactive intermediate as a radical, carbocation, or carbanion. 


homolysis heterolysis 
r 
a. ges b. B fe à 
s - 


kd + 
6.25 Explain why the bond dissociation energy for bond (a) is lower than the bond dissociation energy for bond (b). 
(a) b) 


g/ a hi» 


a y w o j 
2 g J 
AH? = 356 kJ/mol AH’? = 385 kJ/mol 


Types of Reactions 
6.26 Classify each transformation as substitution, elimination, or addition, 
HO OH (0) 


O 
=0 


SH 


O — O 


Curved Arrows 


s 
| 
Q 


6.27 Use full-headed or half-headed curved arrows to show the movement of electrons in each reaction. 


‘Br: 
à e i = +7 dA +B KS + 
re 
OF :0: 
b. CHs—-C—CHg oO, tO e. CH3CH Bri: + %OH ——> CH3,CH,OH + $r 
I CH CH 7 zs z a : 
:Cl: 
CH, H CH, H 
c. -CH + ÖĞ —— CH,-Gk f. CH + ÖH —— pac + Hö! 
CH, H CH, H 


6.28 Draw the products of each reaction by following the curved arrows. 


- * HO? Me 
a. I + *OH —— C. H-C=C-H —-~ 
Le 2 L i> 
H Br 
H 


ae Lows, 


1G: clh + ‘Gk 
b. CHs~G—CH,CH,CH, — d. Cy ù ai 
C:OCH;CH 
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6.29 (a) Draw in the curved arrows to show how A is converted to B in Step [1]. (b) Identify X, using the curved arrows drawn for 


Step [2]. 
F< 
So: a H aN. 2 
O + H-B — O-H + ‘Bri ——> X 


+ 


A B 


6.30 PGFz, (Section 4.15) is synthesized in cells using a cyclooxygenase enzyme that catalyzes a multistep radical pathway. Two 
steps in the pathway are depicted in the accompanying equations. (a) Draw in curved arrows to illustrate how C is converted to 
D in Step [1]. (b) Identify Y, the product of Step [2], using the curved arrows that are drawn on compound D. We will learn more 
about this process in Section 30.6. 


HO 
CO.H F a S e E tia 
Bl oS COOH 
— Y ——— 
— . I 
c D Hg OH 
PGF2, 
Bond Dissociation Energy and Calculating AH° 
6.31 Rank each of the indicated bonds in order of increasing bond dissociation energy. 
a. Cl-CClz3, I-CClz, Br-CCl, b. N=N, HN=NH, HsN—-NH, 
6.32 Calculate AH° for each reaction. 
a. CH3CH3 + Bro ———> CH3CH Br + HBr 
b. HO: + CH, p ‘CH3 $ HO 
c. CH30H + HBr ——> CHBr + H2O 
d. Br + CH; —— H + CHBr 
6.33 Homolysis of the indicated C- H bond in propene forms a resonance-stabilized radical. 
H a. Draw the two possible resonance structures for this radical. 
CH)=CH-C-H b. Use half-headed curved arrows to illustrate how one resonance structure can be converted to the 
ye other. 


c. Draw a structure for the resonance hybrid. 


6.34 Because propane (CH3CH2CHs) has both 1° and 2° carbon atoms, it has two different types of C-H bonds. 
a. Draw the carbon radical formed by homolysis of each of these C-H bonds. 
b. Use the values in Table 6.2 to determine which C-H bond is stronger. 


c. Explain how this information can also be used to determine the relative stability of the two radicals formed. Which radical 
formed from propane is more stable? 


Thermodynamics, AG”, AH”, AS”, and Keq 


6.35 Given each value, determine whether the starting material or product is favored at equilibrium. 


a. Keg = 0.5 d. Keq= 16 g. AS? = 8 J/(K+mol) 
b. AG? =-100 kJ/mol e. AG? = 2.0 kJ/mol h. AS° = -8 J/(K*mol) 
c. AH’ = 8.0 kJ/mol f. AH® = 200 kJ/mol 


6.36 a. Which value corresponds to a negative value of AG*: Keg = 10% or Keg = 10°? 


a 
b. In a unimolecular reaction with five times as much starting material as product at equilibrium, what is the value of Keg? Is 
AG” positive or negative? 


c. Which value corresponds to a larger Kea: AG° = -8 kJ/mol or AG® = 20 kJ/mol? 
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6.37 As we learned in Chapter 4, monosubstituted cyclohexanes exist as an equilibrium mixture of two conformations having either 
an axial or equatorial substituent. 


R (axial) 


map : ae (equatorial) 


H 


. When R = CHa, which conformation is present in higher concentration? 

Which R shows the highest percentage of equatorial conformation at equilibrium? 

Which R shows the highest percentage of axial conformation at equilibrium? 

For which R is AG° most negative? 

How is the size of R related to the amount of axial and equatorial conformations at equilibrium? 

Challenge question: Explain why three monosubstituted cycloalkanes [R = — CHa, — CH2CH3, — CH(CHs)s] have similar 
values of Keg, but Keg for tert-butylcyclohexane [R = — C(CHs)s] is much higher. 


=m OQ205 


6.38 At 25 °C, the energy difference (AG°) for the conversion of axial fluorocyclohexane to its equatorial conformation is -1.0 kJ/mol. 
(a) Calculate Keg for this equilibrium. (b) Calculate the percentage of axial and equatorial conformations present at equilibrium. 


F (axial) 


LZ H : ae (equatorial) 


fluorocyclohexane H 
6.39 For which of the following reactions is AS° a positive value? 
ln a ln on Oe NË + NASN 
b. CH3: + CH 3° oa CH3CH3 
c. (CHa)C(OH)) —— > (CHg)C=O + HO 


d. CHsCOOCH, + H,O CHCOOH + CH,OH 


Energy Diagrams and Transition States 


6.40 Draw the transition state for each reaction. 


Br E OH or 
O — Oee OH m — Cy +m 
CH3 H 


F CH, H 
i \ | Nf 

b: BF; + Cr — PFA d. PTH + HO ——> a a H,0* 
F CH H CH, H 


6.41 Draw an energy diagram for each reaction. Label the axes, the starting material, product, transition state, AH°, and Ea. 
a. a concerted, exothermic reaction with a low energy of activation 
b. a one-step endothermic reaction with a high energy of activation 
c. a two-step reaction, A => B —> C, in which the relative energy of the compounds is A < C < B, and the step A > B is 
rate-determining 
d. a concerted reaction with AH° = -80 kJ/mol and E, = 16 kJ/mol 


6.42 Consider the following reaction: CH, + Cle > ‘CH; + HCI. 
a. Use curved arrows to show the movement of electrons. 
b. Calculate AH° using the bond dissociation energies in Table 6.2. 
c. Draw an energy diagram assuming that E, = 16 kJ/mol. 
d. What is E, for the reverse reaction (CH3 + HCl > CH, + Cl)? 


Problems 
6.43 Consider the following energy diagram for the conversion of A > G. 


a. Which points on the graph correspond to transition states? 

b. Which points on the graph correspond to reactive intermediates? 
c. How many steps are present in the reaction mechanism? 

d. Label each step of the mechanism as endothermic or exothermic. 
e. Label the overall reaction as endothermic or exothermic. 


Reaction coordinate 


6.44 Draw an energy diagram for the Bransted-Lowry acid-base reaction of CH3CO2H with “OC(CHs)3 to form CH3CO.° and 
(CH3)3COH. Label the axes, starting materials, products, AH°, and £,. Draw the structure of the transition state. 


6.45 Consider the following two-step reaction: 


H H 
H H H 
’ (1 K [2] ği: 
go 


How many bonds are broken and formed in Step [1]? Would you predict AH° of Step [1] to be positive or negative? 
How many bonds are broken and formed in Step [2]? Would you predict the AH® of Step [2] to be positive or negative? 
Which step is rate-determining? 

Draw the structure for the transition state in both steps of the mechanism. 


o9aog9o 


6.46 Consider the following energy diagram for the overall reaction: (CH3)3COH + HI —> (CH3)3CI + H20. 


(CH3)gC* 
+ HO 
+r 


3 
(CH3)3C-OH (CH3)3C—OH 
+ HI +r (CHa)3C—I 


Reaction coordinate 


a. How many steps are in the reaction mechanism? 

b. Label the E, and AH° for each step, and the AH’ wera for the reaction. 

c. Draw the structure of the transition state for each step and indicate its location on the energy diagram. 
d. Which step is rate-determining? Why? 


Kinetics and Rate Laws 


6.47 Indicate which factors affect the rate of a reaction. 
a. AG° d. temperature g. k 
b.. AH? e. concentration h. catalysts 
c. Ea f. Keg i. AS° 


If AH° overa iS negative for this two-step reaction, draw an energy diagram illustrating all of the information in parts (a)-(d). 


235 


236 Chapter6 Understanding Organic Reactions 


6.48 The following is a concerted, bimolecular reaction: CH3Br + NaCN —> CHON + NaBr. 
a. What is the rate equation for this reaction? 
b. What happens to the rate of the reaction if [CHBr] is doubled? 
c. What happens to the rate of the reaction if [NaCN] is halved? 
d. What happens to the rate of the reaction if [CHBr] and [NaCN] are both increased by a factor of five? 


6.49 The conversion of acetyl chloride to methyl acetate occurs via the following two-step mechanism: 


acetyl cT y CH a = ji + cr 
chloride ae slow a) i fast CH3 “OCH, 
aye 
CHG? methyl acetate 


Write the rate equation for this reaction, assuming the first step is rate-determining. 

If the concentration of "OCH; were increased 10 times, what would happen to the rate of the reaction? 

If the concentrations of both CH3COCI and “OCH, were increased 10 times, what would happen to the rate of the reaction? 
Classify the conversion of acetyl chloride to methyl acetate as an addition, elimination, or substitution. 


oo 5 


6.50 Label each statement as true or false. Correct any false statement to make it true. 
a. Increasing temperature increases reaction rate. 
b. If a reaction is fast, it has a large rate constant. 
c. A fast reaction has a large negative AG” value. 
d. When E, is large, the rate constant k is also large. 
e. Fast reactions have equilibrium constants > 1. 
f. Increasing the concentration of a reactant always increases the rate of a reaction. 


General Problem 


6.51 The conversion of (CHa)3CI to (CH3)2C = CH; can occur by either a one-step or a two-step mechanism, as shown in Equations 


[1] and [2]. 
CHa CH3 
\ ee 
[1] CHa- Ç70H2 e—a pret + li + H20: 
a ea CH, 
:OH 
CH3 CH3 CH3 
l slow | \ = 
[2] CH3—-C—CHg = CH3;—-C7CHs, C=CH; + H20: 
| reS 
I H= A CH3 
EF ge 


What rate equation would be observed for the mechanism in Equation [1]? 

What rate equation would be observed for the mechanism in Equation [2]? 

What is the order of each rate equation (i.e., first, second, and so forth)? 

. How can these rate equations be used to show which mechanism is the right one for this reaction? 

. Assume Equation [1] represents an endothermic reaction and draw an energy diagram for the reaction. Label the axes, 
reactants, products, Ea, and AH®. Draw the structure for the transition state. 

f. Assume Equation [2] represents an endothermic reaction and that the product of the rate-determining step is higher in 

energy than the reactants or products. Draw an energy diagram for this two-step reaction. Label the axes, reactants and 

products for each step, and the £, and AH® for each step. Label AH’ overa. Draw the structure for both transition states. 


oaoo0p 
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Challenge Problems 


6.52 Explain why HC=CH is more acidic than CH3CH3, even though the C-H bond in HC=CH has a higher bond dissociation 
energy than the C-H bond in CH3CHs. 


6.53 The use of curved arrows is a powerful tool that illustrates even complex reactions. 
a. Add curved arrows to show how carbocation A is converted to carbocation B. Label each new o bond formed. Similar 
reactions have been used in elegant syntheses of steroids (Section 30.8, Problem 30.40). 


A B 


b. Draw the product by following the curved arrows. This reaction is an example of a [3,3] sigmatropic rearrangement, as we 
will learn in Chapter 27. 


Ce . =a 
WLUOSS 
-—— 
6.54 Ha Ho a. What carbon radical is formed by homolysis of the C- Ha bond in propylbenzene? Draw all 
C J$- reasonable resonance structures for this radical. 
i 4 b. What carbon radical is formed by homolysis of the C- Hp bond in propylbenzene? Draw all 


reasonable resonance structures for this radical. 
c. The bond dissociation energy of one of the C-H bonds is considerably less than the bond 
dissociation energy of the other. Which C-H bond is weaker? Offer an explanation. 


6.55 Esterification is the reaction of a carboxylic acid (RCOOH) with an alcohol (R'OH) to form an ester (RCOOR') with loss of water. 
Equation [1] is an example of an intermolecular esterification reaction. Equation [2] is an example of an intramolecular esterification 
reaction; that is, the carboxylic acid and alcohol are contained in the same starting material, forming a cyclic ester as product. The 
equilibrium constants for both reactions are given. Explain why Keg is different for these two apparently similar reactions. 


propylbenzene 


O Oo 
il II 


1 CG... + CH,CHOH == C + HO Ka=4 
n CH OH Ks CH ~OCH,CH, 7 eq 
ethyl acetate 
(0) O y 
[2] oF —— + H0 Keg = 1000 
OH = ‘a 5 aA 


6.56 Although Keq of Equation [1] in Problem 6.55 does not greatly favor formation of the product, it is sometimes possible to use 
Le Chatelier’s principle to increase the yield of ethyl acetate. Le Ch€telier’s principle states that if an equilibrium is disturbed, a 
system will react to counteract this disturbance. How can Le Chatelier’s principle be used to drive the equilibrium to increase 
the yield of ethyl acetate? Another example of Le Ch€telier’s principle is given in Section 9.8. 


6.57 As we will learn in Section 15.12, many antioxidants—compounds that prevent unwanted radical oxidation reactions from 
occurring—are phenols, compounds that contain an OH group bonded directly to a benzene ring. 
a. Explain why homolysis of the O- H bond in phenol requires considerably less energy than homolysis of the O- H bond in 
ethanol (362 kJ/mol vs. 438 kJ/mol). 
b. Why is the C-O bond in phenol shorter than the C- O bond in ethanol? 


C Jom CH3CH,—O-H 


phenol ethanol 
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Physical properties 
Interesting alkyl halides 


The polar carbon- 
halogen bond 


General features of 
nucleophilic substitution 


The leaving group 
The nucleophile 


Possible mechanisms for 
nucleophilic substitution 
Two mechanisms for 
nucleophilic substitution 
The Sy2 mechanism 


Application: Useful Sy2 
reactions 


The Sy1 mechanism 
Carbocation stability 
The Hammond postulate 
Application: Sy1 
reactions, nitrosamines, 
and cancer 

When is the mechanism 
Syl or Sy2? 

Vinyl halides and aryl 
halides 

Organic synthesis 


Alkyl Halides and 
Nucleophilic Substitution 


Organic halides constitute a growing list of useful naturally occurring molecules, many pro- 
duced by marine organisms. Some have irritating odors or an unpleasant taste and are synthe- 
sized by organisms for self-defense or feeding deterrents. Examples include Br,C =CHCHCl, 
(1,1-dibromo-3,3-dichloropropene) and Br -C =CHCHBr, (1,1,3,3-tetrabromopropene), isolated 
from the red seaweed Asparagopsis taxiformis, known as limu kohu (supreme seaweed) in Hawai'i. 
This seaweed has a strong and characteristic odor and flavor, in part probably because of 
these organic halides. In Chapter 7, we learn about alkyl! halides, and one of their characteristic 
reactions—nucleophilic substitution. 


7.1 


Alkyl halides have the general 
molecular formula C,Hon.1X; 
and are formally derived from 
an alkane by replacing a 
hydrogen atom with a halogen. 


Figure 7.1 


Examples of 1°, 2°, and 
3° alkyl halides 


Figure 7.2 


Four types of organic halides 
(RX) having X near a x bond 


Problem 7.1 
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This is the first of three chapters dealing with an in-depth study of the organic reactions 
of compounds containing C—Z o bonds, where Z is an element more electronegative than carbon. 
In Chapter 7 we learn about alkyl halides and one of their characteristic reactions, nucleophilic 
substitution. In Chapter 8, we look at elimination, a second general reaction of alkyl halides. 
We conclude this discussion in Chapter 9 by examining other molecules that also undergo nucleo- 
philic substitution and elimination reactions. 


Introduction to Alkyl Halides 


Alkyl halides are organic molecules containing a halogen atom X bonded to an sp? hybrid- 
ized carbon atom. Alkyl halides are classified as primary (1°), secondary (2°), or tertiary (3°) 
depending on the number of carbons bonded to the carbon with the halogen. 


Alkyl halide Classification of alkyl halides 


H H R R 


Li is | l | 
—C-—x: H-C—X R-Ç-X R-C-X R-C-X 


‘i | j 
H H H R 
sp? hybridized C methyl halide 1 2° 3° 
R-X X=F,Cl,Br I (one R group} (two R groups} (three R groups) 


Whether an alkyl halide is 1°, 2°, or 3° is the most important factor in determining the course of 
its chemical reactions. Figure 7.1 illustrates three examples. 


CHa Br CHa 
CH3CH2—Ç-CHąl a CHsCH2—-G-CH2CHg 
CHa Cl 


1° iodide 2° bromide 3° chloride 


Four types of organic halides having the halogen atom in close proximity to a = bond are illus- 
trated in Figure 7.2, Vinyl halides have a halogen atom bonded to a carbon-carbon double bond, 
and aryl halides have a halogen atom bonded to a benzene ring. These two types of organic 
halides with X bonded directly to an sp” hybridized carbon atom do not undergo the reactions 
presented in Chapter 7, as discussed in Section 7.18. 


E sp? hybridized C 
| xX 
Ax oF ANg Y O~ 


sp? hybridized C 


vinyl halide aryl halide allylic halide benzylic halide 
These organic halides are unreactive in the These organic halides do participate in the 
reactions discussed in Chapter 7. reactions discussed in Chapter 7. 


Allylic halides and benzylic halides have halogen atoms bonded to sp? hybridized carbon atoms 
and do undergo the reactions described in Chapter 7. Allylic halides have X bonded to the car- 
bon atom adjacent to a carbon-carbon double bond, and benzylic halides have X bonded to the 
carbon atom adjacent to a benzene ring. The synthesis of allylic and benzylic halides is discussed 
in Sections 15.10 and 18.14, respectively. 


Classify each alkyl halide as 1°, 2°, or 3°. 


CHa I 
| 
a. CH3CH2CH2CHCH>—Br b. (Ir G. Shh HEH d. pD ae 
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Problem 7.2 Telfairine, a naturally occurring insecticide, and halomon, an antitumor agent, are two 
polyhalogenated compounds isolated from red algae. (a) Classify each halide bonded to an sp? 
hybridized carbon as 1°, 2°, or 3°. (b) Label each halide as vinyl, allylic, or neither. 


a y 
ea? 
ög eF Sy > 2 2 @ 
“6 QD, QD 
ee Be me S 
á | a BS eo ee 
telfairine halomon 


Problem 7.3. Draw the structure of an alkyl bromide with molecular formula CgH,3Br that fits each description: 
(a) a 1° alkyl bromide with one stereogenic center; (b) a 2° alkyl bromide with two stereogenic 
centers; (c) an achiral 3° alkyl bromide. 


7.2 Nomenclature 


The systematic (IUPAC) method for naming alkyl halides follows from the basic rules described 
in Chapter 4. Common names are also discussed in Section 7.2B, because many low molecular 
weight alkyl halides are often referred to by their common names. 


7.2A IUPAC System 


An alkyl halide is named as an alkane with a halogen substituent—that is, as a halo alkane. To 
name a halogen substituent, change the -ine ending of the name of the halogen to the suffix -o 
(chlorine — chloro). 


How To Namean Alkyl Halide Using the IUPAC System 


Example Give the IUPAC name of the following alkyl halide: 


fag 
CHgCH,CHCH,CH,CHCH, 


Step [1] Find the parent carbon chain and name it as an alkane. 


CH, cl 
| CH4CHCHCH;CH;ĊHCH; | e Name the parent chain as an alkane, with the halogen as a substituent 
; = bonded to the longest chain. 


7 C’s in the longest chain 


7C’s ---> heptane 


Step [2] Apply all other rules of nomenclature. 


a. Number the chain. b. Name and number the substituents. 
2 Chs Gi , methyl at C5 chloro at C2 
CH3CH,CHCH,CH2CHCH3 j CH, Cl 

7 6 ! 4 3 } ! Í CH:CH,CHCH,CH,CHCH, 


7 6 54321 


¢ Begin at the end nearest the first 


c. Alphabetize: c for chloro, then m for methyl. 
substituent, either alkyl or halogen. P ac y 


ANSWER: 2-chloro-5-methylheptane 
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7.2B Common Names 


Common names for alkyl halides are used only for simple alkyl halides. To assign a common 
name: 


e Name all the carbon atoms of the molecule as a single alkyl group. 


e Name the halogen bonded to the alkyl group. To name the halogen, change the -ine ending 
of the halogen name to the suffix -ide; for example, bromine — bromide. 


e Combine the names of the alkyl group and halide, separating the words with a space. 


Common ÇH; 
names CH;-C—I iodine — iodide CH 3CH,—Cl chlorine — chloride 
i we os 1E IEA 


CHa 
bo 
tert-butyl group 


ethyl group 


tert-butyl iodide ethyl chloride 


Other examples of alkyl halide nomenclature are given in Figure 7.3. 


Figure 7.3 F 
Examples: Nomenclature uc co jo ss 
; | CHCH e ethyl group a 
of alkyl halides 29M3 e fluoro group at C2 
IUPAC: 1-chloro-2-methy!propane IUPAC: 1-ethyl-2-fluorocyclopentane 
Common: isobutyl chloride earlier letter - -> lower number 


[too complex to use a common name | 


Problem 7.4 Give the IUPAC name for each compound. 


Br F 
a. (CH3)s>CHCH(CI)CH2CH3 b. ale ts c. X d. nal = 
Br 


Problem 7.5 Give the structure corresponding to each name. 


a. 3-chloro-2-methylhexane d. 1,1,3-tribromocyclohexane 
b. 4-ethyl-5-iodo-2,2-dimethyloctane e. propyl chloride 
c. cis-1,3-dichlorocyclopentane f. sec-butyl bromide 


7.3 Physical Properties 


Alkyl halides are weakly polar molecules. They exhibit dipole-dipole interactions because of 
their polar C— X bond, but because the rest of the molecule contains only C-C and C-H bonds 
they are incapable of intermolecular hydrogen bonding. How this affects their physical proper- 
ties is summarized in Table 7.1. 


H 
Dipole-dipole | 447,775, _ 
Interactions fs S 
. H 


Opposite ends of the dipoles interact. 
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Table 7.1 Physical Properties of Alkyl Halides -$ 


Property 


Boiling point and melting point 


Solubility 


Problem 7.6 


7.4 


Figure 7.4 
Some simple alkyl halides 


Observation 
e Alkyl halides have higher bp’s and mp’s than alkanes having the same number of carbons. 


CHCH; and CH;CH,Br 
bp = -89 °C bp = 39 °C 


¢ Bp's and mp’s increase as the size of R increases. 


larger surface area 
ee ae eee me coor! 
mp = -136 °C mp = -123 °C higher mp and bp 
bp = 12°C bp = 47 °C 


¢ Bp’s and mp’s increase as the size of X increases. 


. more polarizable halogen _ 
CH,CH,Cl and CH;CH,Br a higher mp and bp 


mp = -136 °C mp =-119 °C 16 so i ae a dee coe] 
bp = 12°C bp = 39 °C 
e RX is soluble in organic solvents. 
e RX is insoluble in water. 


An sp? hybridized C - Cl bond is more polar than an sp” hybridized C — Cl bond. (a) Explain why this 
phenomenon arises. (b) Rank the following compounds in order of increasing boiling point. 


ro O 


Interesting Alkyl Halides 


Many simple alkyl halides make excellent solvents because they are not flammable and dissolve 
a wide variety of organic compounds. Compounds in this category include CHCl, (chloroform 
or trichloromethane) and CCl, (carbon tetrachloride or tetrachloromethane). Large quantities of 
these solvents are produced industrially each year, but like many chlorinated organic compounds, 
both chloroform and carbon tetrachloride are toxic if inhaled or ingested. Other simple alkyl 
halides are shown in Figure 7.4. 


$o e Chloromethane (CH3CI) is produced by giant kelp and algae and also found in 
emissions from volcanoes such as Hawaiʻi’s Kilauea. Almost all of the atmospheric 
CH,Cl chloromethane results from these natural sources. 


e Dichloromethane (or methylene chloride, CH2Cl,) is an important solvent, once used 
to decaffeinate coffee. Coffee is now decaffeinated by using supercritical CO. due to 
e concerns over the possible ill effects of trace amounts of residual CHCl; in the coffee. 
? Subsequent studies on rats have shown, however, that no cancers occurred when 
animals ingested the equivalent of over 100,000 cups of decaffeinated coffee per day. 


e Halothane (CF,;CHCIBr) is a safe general anesthetic that has now replaced other 
organic anesthetics such as CHCl}, which causes liver and kidney damage, and 


CH3CH2OCH2CH; (diethyl ether), which is very flammable. 
CF,CHCIBr 


Hundreds of organic halides 
with diverse structures and 
biological activities have been 
isolated from red algae of the 
genus Laurencia, seaweed that 
grows in shallow water at the 
edges of reefs. 


DDT, a nonbiodegradable 
pesticide, has been labeled 
both a "miraculous" discovery 
by Winston Churchill in 1945 
and the "elixir of death" by 
Rachel Carson in her 1962 
book Silent Spring. DDT use 
was banned in the United 
States in 1973, but because 
of its effectiveness and low 


cost, it is still widely used to 
control insect populations in 
developing countries. 


Time Magazine, June 30, 1947, 
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Synthetic organic halides are also used in insulating materials, plastic wrap, and coatings. Two 
such compounds are Teflon and poly(vinyl chloride) (PVC). 


is 


Teflon 
(nonstick coating) 


inane 
TE 
b 
-— 
THOT 
ô 
dwi 


poly(vinyl chloride) (PVC) 
(plastic used in films, pipes, and insulation) 


Thousands of organic halides have now been isolated from a variety of marine organisms. The 
characteristic smell of the ocean is due in part to simple alkyl halides found in seaweed. While 
many sponges and corals use these compounds as a chemical defense against predators and 
parasites, recent research has shown that some may have novel medicinal properties that offer 
treatment for cancer and other diseases. Two polyhalogenated compounds are ma‘ilione, isolated 
from the Hawaiian red algae Laurencia cartilaginea, and plocoralide B, which kills esophageal 


cancer cells. 
HO, 
Cl 
Br = ” 
O 
Br Br 


maʻilione plocoralide B 
Although the beneficial effects of many organic halides are undisputed, certain synthetic chlo- 
rinated organics such as the chlorofluorocarbons and the pesticide DDT have caused lasting 


harm to the environment. 


CFCl, 
CFC 11 
Freon 11 


Chlorofluorocarbons (CFCs) have the general molecular structure CF,Cl, _,. Trichlorofluo- 
romethane [CFCl,, CFC 11, or Freon 11 (trade name)] is an example of these easily vaporized 
compounds, having been extensively used as a refrigerant and an aerosol propellant. CFCs slowly 
rise to the stratosphere, where sunlight catalyzes their decomposition, a process that contributes 
to the destruction of the ozone layer, the thin layer of atmosphere that shields the earth’s surface 
from harmful ultraviolet radiation (Section 15.9). Although it is now easy to second-guess the 
extensive use of CFCs, it is also easy to see why they were used so widely. CFCs made refrigera- 
tion available to the general public. Would you call your refrigerator a comfort or a necessity? 


The story of the insecticide DDT (dichlorodiphenyltrichloroethane) follows 
the same theme: DDT is an organic molecule with valuable short-term effects 
that has caused long-term problems. DDT kills insects that spread diseases 
such as malaria and typhus, and in controlling insect populations, DDT has 
saved millions of lives worldwide. DDT is a weakly polar organic compound 
that persists in the environment for years. Because DDT is soluble in organic 
media, it accumulates in fatty tissues. Most adults in the United States have 
low concentrations of DDT (or a degradation product of DDT) in their bod- 
ies. DDT is acutely toxic to many types of marine life (crayfish, sea shrimp, 
and some fish), but the long-term effect on humans is not known. 
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Problem 7.7 Chondrocole A is a marine natural product isolated from red seaweed that grows in regions of 
heavy surf in the Pacific Ocean. (a) Predict the solubility of chondrocole A in water and CH2Clz. 
(b) Locate the stereogenic centers and label each as R or S. (c) Draw a stereoisomer and a 
constitutional isomer of chondrocole A. 


H 


ie pa 


Cl 
chondrocole A 


7.5 The Polar Carbon-Halogen Bond 


The properties of alkyl halides dictate their reactivity. The electrostatic potential maps of four 
simple alkyl halides in Figure 7.5 illustrate that the electronegative halogen X creates a polar 
C-X bond, making the carbon atom electron deficient. The chemistry of alkyl halides is deter- 
mined by this polar C-X bond. 


What kind of reactions do alkyl halides undergo? The characteristic reactions of alkyl halides 
are substitution and elimination. Because alkyl halides contain an electrophilic carbon, they 
react with electron-rich reagents—Lewis bases (nucleophiles) and Brgnsted—Lowry bases. 


e Alkyl halides undergo substitution reactions with nucleophiles. 


R-X + iNu~ = — R-Nu + XP 


| nucleophile I 


substitution of X by Nu 


In a substitution reaction of RX, the halogen X is replaced by an electron-rich nucleophile 
:Nu’. The C-X o bond is broken and the C—Nu o bond is formed. 


e Alkyl halides undergo elimination reactions with Bronsted-Lowry bases. 


| | 4 af - 
a + Bb -— FA + H-Bt + X 
hin b 
HX | ii new z bond 


| an alkene 


elimination of HX 


In an elimination reaction of RX, the elements of HX are removed by a Brgnsted—Lowry 
base :B. 


The remainder of Chapter 7 is devoted to a discussion of the substitution reactions of alkyl 
halides. Elimination reactions are discussed in Chapter 8. 


Figure 7.5 CHF 


Electrostatic potential maps of 
four halomethanes (CH3X) 


© The polar C-X bond makes the carbon atom electron deficient in each CH3X molecule. 


7.6 


The reaction of alkyl halides 
with NHg to form amines (RNHz2) 
is discussed in Chapter 25. 
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General Features of Nucleophilic Substitution 


Three components are necessary in any substitution reaction. 


| General substitution reaction | 


R-X + Nọ ——~> R-Nu + X` 
Î f _: 


| sp? hybridized C | 


| nucleophile | | leaving group 


[1] R—An alkyl group R containing an sp? hybridized carbon bonded to X. 

[2] X—An atom X (or a group of atoms) called a leaving group, which is able to accept the 
electron density in the C- X bond. The most common leaving groups are halide anions (X`), 
but H,O (from ROH,"*) and N, (from RN,*) are also encountered. 

[3] :Nu™—A nucleophile. Nucleophiles contain a lone pair or a nz bond but not necessarily a 
negative charge. 


Because these substitution reactions involve electron-rich nucleophiles, they are called nucleo- 
philic substitution reactions. Examples are shown in Equations [1]-[3]. Nucleophilic substitu- 
tions are Lewis acid-base reactions. The nucleophile donates its electron pair, the alkyl halide 
(Lewis acid) accepts it, and the C- X bond is heterolytically cleaved. Curved arrow notation can 
be used to show the movement of electron pairs, as shown in Equation [3]. 


| Examples 
Alkyl group | | Nucleophlie | | Leaving group | 


[1] CH,-Cl + “ÖH — CH3-GH + = Cr 
[2] CH,CH,CH,-I + ~:SH ——> CH,CH,CH,-SH + rT 
pe ka 3 m 
[3] CH,CHy-Br + “OCH, = ——> CH3CH,-OCH; + Br 


A new C-Nu bond forms. 
The leaving group comes off. 


Negatively charged nucleophiles like “OH and “SH are used as salts with Li*, Na*, or K* counter- 
ions to balance charge. The identity of the cation is usually inconsequential, and therefore it is 
often omitted from the chemical equation. 


CHgCH,CH,-Br + Na*:OH —* CH,CH,CH,-GH + NatBr- 
i Na* balances charge. 


When a neutral nucleophile is used, the substitution product bears a positive charge. Note that 
all atoms originally bonded to the nucleophile stay bonded to it after substitution occurs. 
All three CH; groups stay bonded to the N atom in the given example. 


neutral nucleophile 


CH3CH,CH— 4+ =:N(CHg)g_ ——> CHgCHsCHp-N(CHg)g + Br 


Br 

G 
All CH3 groups remain in the product. 

Furthermore, when the substitution product bears a positive charge and also contains a proton 


bonded to O or N, the initial substitution product readily loses a proton in a Brgnsted—Lowry 
acid-base reaction, forming a neutral product. 
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ss di (NH, m 
CHsCH,CH,r Br + ~3NHy ——> CH;CHCH°N =H ——>  CHaCHCHa-ÑÌ-H + NH4 


U 
(excess) H H 
os a ee: aay 
i Step [1]: + Br Step [2]: _ The overall result: 
| nucleophilic substitution , proton transfer | a neutral product 
j ee 


All of these reactions are nucleophilic substitutions and have the same overall result— 
replacement of the leaving group by the nucleophile, regardless of the identity or charge of 
the nucleophile. To draw any nucleophilic substitution product: 


Cepacol throat lozenges 


and Crest Pro-Health Mouth e Find the sp? hybridized carbon with the leaving group. 

Rinse contain the antiseptic e Identify the nucleophile, the species with a lone pair or m bond. 

CPC, which is prepared by e Substitute the nucleophile for the leaving group and assign charges (if necessary) to 
nucleophilic substitution any atom that is involved in bond breaking or bond formation. 


(Problem 7.10). 


Problem 7.8 Identify the nucleophile and leaving group and draw the products of each substitution reaction. 


a. lies ila + -OCH,CH; ——> ANT + ONS — 


Br 
Cl Br 


Problem 7.9 Draw the product of nucleophilic substitution with each neutral nucleophile. When the initial 
substitution product can lose a proton to form a neutral product, draw the product after proton 
transfer. 


a. iin, + :N(CH2CH3)3 =p b. (CH3)3C—Cl + H,0: —_ 


Problem “10 CPC (cetylpyridinium chloride), an antiseptic found in throat lozenges and mouthwash, is 
synthesized by the following reaction. Draw the structure of CPC. 


Ce + 


7.7 The Leaving Group 


Nucleophilic substitution is a general reaction of organic compounds. Why, then, are alkyl halides 
the most common substrates, and halide anions the most common leaving groups? To answer 
this question, we must understand leaving group ability. What makes a good leaving group? 


Cl =— OPE 


In a nucleophilic substitution reaction of R-X, the C-X bond is heterolytically cleaved, and the leav- 
ing group departs with the electron pair in that bond, forming X:~. The more stable the leaving group 
X:7, the better able it is to accept an electron pair, giving rise to the following generalization: 


e In comparing two leaving groups, the better leaving group is the weaker base. 


Nucleophilic substitution occurs with 
leaving groups that are weak bases. 
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For example, H,O is a better leaving group than “OH because H,O is a weaker base. Moreover, the 
periodic trends in basicity can now be used to identify periodic trends in leaving group ability: 


e Left-to-right across a row of the periodic table, basicity decreases so leaving group 


ability increases. 
With second-row elements: *NH3 HÖ: better leaving group 


Increasing leaving group ability > 


e Down a column of the periodic table, basicity decreases so leaving group ability 


increases. 
$ - a s weakest base 
F ci Br I best leaving group 


All good leaving groups are weak bases with strong conjugate acids having low pK, values. 
Thus, all halide anions except F` are good leaving groups because their conjugate acids (HCl, 
HBr, and HI) have low pK, values. Tables 7.2 and 7.3 list good and poor leaving groups for 
nucleophilic substitution reactions, respectively. Nucleophilic substitution does not occur with 
any of the leaving groups in Table 7.3 because these leaving groups are strong bases. 


Table 7.2 Good Leaving Groups for Nucleophilic Substitution _ 


Starting material Leaving group Conjugate acid pK, 
HCl -7 
HBr -9 
HI -10 
H,0* -1.7 


Table 7.3 Poor Leaving Groups for Nucleophilic Substitution —_— 


Starting material Leaving group Conjugate acid pK, 
RE | p HF 3.2 
ROH | -OH H:O 15.7 
R—-NHp | -NH2 NHs 38 
R+H | H Ha 35 
R+R | R RH 50 


These molecules do not undergo 
nucleophilic substitution. poor leaving groups 
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Problem 7.12 


Sample Problem 7.1 


ð 


Probiem 7 


Problem 7.14 


7.8 


We use the word base to 
mean Brønsted-Lowry base 
and the word nucleophile to 
mean a Lewis base that reacts 
with electrophiles other than 
protons. 


Which is the better leaving group in each pair? 
a. Cr, r b. NH3, -NH2 C. H20, H2S 


Which molecules contain good leaving groups? 


a. CH3CH2CH2Br b. CH3CH2,CH2,OH c. CH3CHOH> d. CH3CH3 


Given a particular nucleophile and leaving group, how can we determine whether the equilibrium 
will favor products in a nucleophilic substitution? We can often correctly predict the direction of 
equilibrium by comparing the basicity of the nucleophile and the leaving group. 


e Equilibrium favors the products of nucleophilic substitution when the leaving group is a 
weaker base than the nucleophile. 


Sample Problem 7.1 illustrates how to apply this general rule. 


Will the following substitution reaction favor formation of the products? 


oe i 


CHaCHag CI + ÖH ———> CH,CH,—OH + cr 


Solution 
Compare the basicity of the nucleophile (OH) and the leaving group (CI) by comparing the pKa 
values of their conjugate acids. The stronger the conjugate acid, the weaker the base, and the 


better the leaving group. 
conjugate acids 


nucleophile “OH —> HO pka=15.7 


leaving group Cl —> HCI pK, = -7 


| | 


weaker base stronger acid 


Because CI, the leaving group, is a weaker base than “OH, the nucleophile, the reaction favors the 
products. 


Does the equilibrium favor the reactants or products in each substitution reaction? 
a. CHCH-NH;) + Br —~+ CH,CH;-Br + “NH, 
bb ONM ey Hr 


Should it be possible to convert CH3CH2CH2OH to CH3CH2CH-C! by a nucleophilic substitution 
reaction with NaCl? Explain why or why not. 


The Nucleophile 


Nucleophiles and bases are structurally similar: both have a lone pair or a x bond. They 
differ in what they attack. 


e Bases attack protons. Nucleophiles attack other electron-deficient atoms (usually 
carbons). 


| Nucleophlles attack carbons. | 
— - X 
_ Bases attack protons. | | I Nu 
i i 
H 


7.8A 


7.8B 


All steric effects arise 
because two atoms cannot 
occupy the same space. In 
Chapter 4, for example, we 
learned that steric strain is 
an increase in energy when 
big groups (occupying a large 
volume) are forced close to 
each other. 
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Nucleophilicity Versus Basicity 


How is nucleophilicity (nucleophile strength) related to basicity? Although it is generally true 
that a strong base is a strong nucleophile, nucleophile size and steric factors can sometimes 
change this relationship. 


Nucleophilicity parallels basicity in three instances: 


[1] For two nucleophiles with the same nucleophilic atom, the stronger base is the 
stronger nucleophile. 


The relative nucleophilicity of OH and CH3;COO ,, two oxygen nucleophiles, is deter- 
mined by comparing the pK, values of their conjugate acids (H,O and CHCOOH). 
CH,;COOH (pK, = 4.8) is a stronger acid than H,O (pK, = 15.7), so OH is a stronger 
base and stronger nucleophile than CH;COO’. 


[2] A negatively charged nucleophile is always stronger than its conjugate acid. 
e “OH is a stronger base and stronger nucleophile than H,O, its conjugate acid. 


[3] Right-to-left across a row of the periodic table, nucleophilicity increases as 
basicity increases. 


a Se ee j| 
For second-row elements CH.- -NH -OH E 
| with the same charge: 2 á 


Increasing basicity 
Increasing nucleophilicity 


Identify the stronger nucleophile in each pair. 
a. NH3, “NH2 b. CH3NH2, CHOH c. CH3COO7, CH3CH207 


Steric Effects and Nucleophilicity 


Nucleophilicity does not parallel basicity when steric hindrance becomes important. Steric 
hindrance is a decrease in reactivity resulting from the presence of bulky groups at the site 
of a reaction. 


For example, although pK, tables indicate that tert-butoxide [(CH3)3;CO ] is a stronger base than 
ethoxide (CH3;CH,0 ), ethoxide is the stronger nucleophile. The three CH; groups around the 
O atom of tert-butoxide create steric hindrance, making it more difficult for this big, bulky base 
to attack a tetravalent carbon atom. 


ie 
= CHyCH,—OF CH-C-Ö7 = Ag 
2 ethoxide CH; 2 
+ stronger nucleophile tert-butoxide - 


stronger base 


Three CH groups sterically hinder the O atom, | 
making it a weaker nucleophile. 


Steric hindrance decreases nucleophilicity but not basicity. Because bases pull off small, eas- 
ily accessible protons, they are unaffected by steric hindrance. Nucleophiles, on the other hand, 
must attack a crowded tetrahedral carbon, so bulky groups decrease reactivity. 


Sterically hindered bases that are poor nucleophiles are called nonnucleophilic bases. 
Potassium tert-butoxide [K* OC(CH;)3] is a strong, nonnucleophilic base. 
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78C 


Figure 7.6 


Examples of polar 
protic solvents 


T is a weak base but a strong 
nucleophile in polar protic 


solvents. 


Comparing Nucleophiles of Different Size—Solvent Effects 


Atoms vary greatly in size down a column of the periodic table, and in this case, nucleophilic- 
ity depends on the solvent used in a substitution reaction. Although solvent has thus far been 
ignored, most organic reactions take place in a liquid solvent that dissolves all reactants to some 
extent. Because substitution reactions involve polar starting materials, polar solvents are used 
to dissolve them. There are two main kinds of polar solvents—polar protic solvents and polar 
aprotic solvents. 


Polar Protic Solvents 


In addition to dipole-dipole interactions, polar protic solvents are capable of intermolecular 
hydrogen bonding, because they contain an O-H or N -H bond. The most common polar protic 
solvents are water and alcohols (ROH), as seen in the examples in Figure 7.6. Polar protic sol- 
vents solvate both cations and anions well. 


¢ Cations are solvated by ion-dipole interactions. 
e Anions are solvated by hydrogen bonding. 


H2O CH3OH CH3CH,0H (CH3)3COH CHCOOH 
methanol ethanol tert-butanol acetic acid 


For example, if the salt NaBr is used as a source of the nucleophile Br in H,O, the Na* cations 
are solvated by ion—dipole interactions with H,O molecules, and the Br anions are solvated by 
strong hydrogen bonding interactions. 


Nat is solvated by lon-dipole Br- is solvated by hydrogen 
interactions with H20. bonding with H30. 


How do polar protic solvents affect nucleophilicity? In polar protic solvents, nucleophilicity 
increases down a column of the periodic table as the size of the anion increases. This is 
opposite to basicity. A small electronegative anion like F” is very well solvated by hydrogen 
bonding, effectively shielding it from reaction. On the other hand, a large, less electronegative 
anion like I does not hold onto solvent molecules as tightly. The solvent does not “hide” a large 
nucleophile as well, and the nucleophile is much more able to donate its electron pairs in a reac- 
tion. Thus, nucleophilicity increases down a column even though basicity decreases, giving 
rise to the following trend in polar protic solvents: 


Down a column = = = = 
of the periodic table = Br l 


increasing nucleophilicity 
in polar protic solvents 


Figure 7.7 


Examples of polar 
aprotic solvents 


Abbreviations are often used in 
organic chemistry, instead of a 
compound’s complete name. A 
list of common abbreviations is 
given on the inside back cover. 
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Polar Aprotic Solvents 


Polar aprotic solvents also exhibit dipole-dipole interactions, but they have no O-H or N-H 
bond so they are incapable of hydrogen bonding. Examples of polar aprotic solvents are shown 
in Figure 7.7. Polar aprotic solvents solvate only cations well. 


ə Cations are solvated by ion-dipole interactions. 
e Anions are not well solvated because the solvent cannot hydrogen bond to them. 


o fo) 
Cc € ¥ 
CH3 “CH; CH3-C=N 


acetone acetonitrile tetrahydrofuran 
THF 
(0) (0) ii 
j i (CH3)aN-P-N(CHa)2 
ANENG OWE, 
CH3 “Chs H” ~ "N(CHs)2 N(CH3)2 
dimethyl sulfoxide dimethylformamide hexamethylphosphoramide 
DMSO DMF HMPA 


When the salt NaBr is dissolved in acetone, (CH3),C=O, the Na* cations are solvated by ion- 
dipole interactions with the acetone molecules, but, with no possibility for hydrogen bonding, 
the Br anions are not well solvated. Often these anions are called naked anions because they are 
not bound by tight interactions with solvent. 


(CH3)2C=O solvates Na* well 


Br anions are surrounded by solvent but not 
by ion-dipole interactions. well solvated by the (CH,).C=O molecules. 


How do polar aprotic solvents affect nucleophilicity? Because anions are not well solvated in 
polar aprotic solvents, there is no need to consider whether solvent molecules more effectively 
hide one anion than another. Nucleophilicity once again parallels basicity and the stronger base 
is the stronger nucleophile. Because basicity decreases with size down a column, nucleophilic- 


ity decreases as well: 


Down a column S ia = = 
| of the periodic table | J a Br | 


Increasing nucleophilicity 
in polar aprotic solvents 
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Problem 7.16 


Problem 7.17 


7.8D 


Problem 7.18 


Problem 7.19 


7:9 


Classify each solvent as protic or aprotic. 
a. HOCH2CH20H b. CH3CH2,0CH2CH3 c. CH3COOCHsCH3 


Identify the stronger nucleophile in each pair of anions. 


a. Br or CF in a polar protic solvent c. HS or F in a polar protic solvent 
b. HO” or CI in a polar aprotic solvent 


Summary 


This long discussion of nucleophilicity has brought together many new concepts, such as steric 
hindrance and solvent effects, both of which we will meet again in our study of organic chemistry. 
Keep in mind, however, the central relationship between nucleophilicity and basicity in comparing 
two nucleophiles. 


e It is generally true that the stronger base is the stronger nucleophile. 


e In polar protic solvents, however, nucleophilicity increases with increasing size of an 
anion (opposite to basicity). 


e Steric hindrance decreases nucleophilicity without decreasing basicity, making 
(CH3;)3CO” a stronger base but a weaker nucleophile than CH,CH,0 . 


Table 7.4 lists some common nucleophiles used in nucleophilic substitution reactions. 


Rank the nucleophiles in each group in order of increasing nucleophilicity. 
a. “OH, NH», H2O b. “OH, Br, F (polar aprotic solvent) c. H20, “OH, CH3zCOO- 


What nucleophile is needed to convert (CH3)2>CHCH2CH> — Br to each product? 


a. (CHs)2>CHCH2CH2 -SH c. (CHa)2CHCH2CH3 - OCOCHS 
b. (CH3)2CHCH2CH2 ~- OCH2CH3 d. (CHa)2CHCH2CH; -C =CH 


Tabie 7.4 Common Nucleophiles in Organic Chemistry | 


Negatively charged nucleophiles Neutral nucleophiles 
Oxygen “OH “OR CH3;COO- H20 ROH 
Nitrogen N37 NH3 RNH3 
Carbon “CN HC=C” 
Halogen cr Br T 
Sulfur HS RS HS RSH 


Possible Mechanisms for Nucleophilic Substitution 


Now that you know something about the general features of nucleophilic substitution, you can 
begin to understand the mechanism. 


em ne 
| Overall reaction | ii + No —— nye + X7 


This o bond is broken. This o bond is formed. 


Nucleophilic substitution at an sp? hybridized carbon involves two © bonds: the bond to the leav- 
ing group, which is broken, and the bond to the nucleophile, which is formed. To understand the 
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mechanism of this reaction, though, we must know the timing of these two events; that is, what 
is the order of bond breaking and bond making? Do they happen at the same time, or does 
one event precede the other? There are three possibilities. 


[1] Bond breaking and bond making occur at the same time. 


One-step | ; Ng | " 
e Ri Nu + —C—-X m —CyNu + X: rate = k[RX][:Nu7] 
- | i | second-order rate equation 


This bond is broken... as ...this bond is formed. 


e If the C-X bond is broken as the C—Nu bond is formed, the mechanism has one step. As 
we learned in Section 6.9, the rate of such a bimolecular reaction depends on the concentra- 
tion of both reactants; that is, the rate equation is second order. 


[2] Bond breaking occurs before bond making. 


| *Nu7 | 
Two-step | or E i des i 
Ea 7 Hy á y m ¢ Nu rate = k[RX] 


7.10 


first-order rate equation 


carbocation 
+X 
This bond is broken... before ...this bond is formed. 


e If the C—X bond is broken first and then the C—Nu bond is formed, the mechanism has two 
steps and a carbocation is formed as an intermediate. Because the first step is rate- 
determining, the rate depends on the concentration of RX only; that is, the rate equation is 
first order. 


[3] Bond making occurs before bond breaking. 


Ten electrons around C 
violates the octet rule. 


| 
TEPPE | i ae ` 
| SERENI Te —_ ie — + 7 + X: 


This bond is broken... after «this bond is formed. 


e If the C—Nu bond is formed first and then the C— X bond is broken, the mechanism has two 
steps, but this mechanism has an inherent problem. The intermediate generated in the first 
step has 10 electrons around carbon, violating the octet rule. Because two other mechanistic 
possibilities do not violate a fundamental rule, this last possibility can be disregarded. 


The preceding discussion has generated two possible mechanisms for nucleophilic substitution: 
a one-step mechanism in which bond breaking and bond making are simultaneous, and a 
two-step mechanism in which bond breaking comes before bond making, In Section 7.10 we 
look at data for two specific nucleophilic substitution reactions and see if those data fit either of 
these proposed mechanisms. 


Two Mechanisms for Nucleophilic Substitution 


Rate equations for two different reactions give us insight into the possible mechanism for nucleo- 
philic substitution. 


Reaction of bromomethane (CH3Br) with the nucleophile acetate (CH;COO ) affords the sub- 
stitution product methyl acetate with loss of Br as the leaving group (Equation [1]). Kinetic 
data show that the reaction rate depends on the concentration of both reactants; that is, the rate 
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The numbers 1 and 2 in the 
names Sy1 and Sy2 refer to the 
kinetic order of the reactions. 
For example, Sy2 means that 
the kinetics are second order. 
The number 2 does not refer 

to the number of steps in the 
mechanism. 


7.11 


7.11A 


equation is second order. This suggests a bimolecular reaction with a one-step mechanism 
in which the C—X bond is broken as the C—Nu bond is formed. 


(0) 
— rae + Br- rate = k[CHgBr][CH,;COO7] 
CH3-O CH, second-order kinetics 


acetate 


Both reactants appear in the 
tate equation. 


Equation [2] illustrates a similar nucleophilic substitution reaction with a different alkyl halide, 
(CH3)3CBr, which also leads to substitution of Br by CH;COO’. Kinetic data show that this 
reaction rate depends on the concentration of only one reactant, the alky! halide; that is, the rate 
equation is first order. This suggests a two-step mechanism in which the rate-determining 
step involves the alkyl halide only. 


methyl acetate 


(6) (0) 
i Il = 
[2] (CH3)3C—Br + —> + Br rate = k[(CH3)3CBr] 
-0 "cH, (CHg)3C o cH, first-order kinetics 
acetate 


Only one reactant appears 
in the rate equation. 


How can these two different results be explained? Although these two reactions have the same 
nucleophile and leaving group, there must be two different mechanisms because there are two 
different rate equations. These equations are specific examples of two well known mechanisms 
for nucleophilic substitution at an sp? hybridized carbon: 


e The Sy2 mechanism (substitution nucleophilic bimolecular), illustrated by the reaction in 
Equation [1]. 

¢ The Syl mechanism (substitution nucleophilic unimolecular), illustrated by the reaction 
in Equation [2]. 


We will now examine the characteristics of the Sy2 and Syl mechanisms. 


The Sy2 Mechanism 


The reaction of CH;Br with CH;COO’ is an example of an Sy2 reaction. What are the general 
features of this mechanism? 


| Sy2 reaction | CH3—-Br + 


acetate 


Kinetics 
An Sy? reaction exhibits second-order kinetics; that is, the reaction is bimolecular and both the 
alkyl halide and the nucleophile appear in the rate equation. 


e rate = k[CH,Br][CH,COO7] 


Changing the concentration of either reactant affects the rate. For example, doubling the concen- 
tration of either the nucleophile or the alkyl halide doubles the rate. Doubling the concentration 
of both reactants increases the rate by a factor of four, 
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Problem 7.20 What happens to the rate of an Sy2 reaction under each of the following conditions? 


a. [RX] is tripled, and [:Nu7] stays the same. c. [RX] is halved, and [:Nu7] stays the same. 
b. Both [RX] and [:Nu’] are tripled. d. [RX] is halved, and [:Nu7] is doubled. 


7.11B A One-Step Mechanism 


The most straightforward explanation for the observed second-order kinetics is a concerted 
reaction—bond breaking and bond making occur at the same time, as shown in Mecha- 


nism 7.1. 
Es Mechanism 7.1 The S\2 Mechanism E | 
One step The C- Br bond breaks as the C—O bond forms. 
:0: :0: 
il il 
Ae W a ms 
CH; O: + CHB ————> CH; ~O7CH3 + :Br 
("one step 


| new C—O bond | 


An energy diagram for the reaction of CH,;Br + CH;COO' is shown in Figure 7.8. The reaction 
has one step, so there is one energy barrier between reactants and products. Because the equilib- 
rium for this Sy2 reaction favors the products, they are drawn at lower energy than the starting 
materials. 


Problem 7.21 Draw the structure of the transition state in each of the following Sy2 reactions. 
a. CH3CH2CH,—Cl + “OCH, —-sF CH3CHsCH2,—OCH3 + er 
b ANAS + sH è —— ANNS +r 


Problem 7.22 Draw an energy diagram for the reaction in Problem 7.21a. Label the axes, the starting material, 
the product, and the transition state. Assume the reaction is exothermic. Label AH° and Ea. 


Figure 7.8 


An energy diagram for the Sy2 reaction: Age 
CH3Br + CH;COO- => CH3COOCH3 + Br 0 HH 


SONU se eNews = 
£-O--G-Br: = | transition state 


CH,COO- CH3gCOOCH, + Br 


Reaction coordinate 


è In the transition state, the C—Br bond is partially broken, the C—O bond is partially formed, and 
both the attacking nucleophile and the departing leaving group bear a partial negative charge. 
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WIC 


Recall from Section 1.1 that 
D stands for the isotope 
deuterium ÊH). 


Inversion of configuration 

in an Sy2 reaction is often 
called Walden inversion, 

after Latvian chemist Dr. Paul 
Walden, who first observed this 
process in 1896. 


Backside attack occurs in all 
Sy2 reactions, but we can 
observe this change only when 
the leaving group is bonded to 
a stereogenic center. 
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Stereochemistry of the S2 Reaction 


From what direction does the nucleophile approach the substrate in an Sy2 reaction? There are 
two possibilities. 


e Frontside attack: The nucleophile approaches from the same side as the leaving group. 
e Backside attack: The nucleophile approaches from the side opposite the leaving group. 


The results of frontside and backside attack of a nucleophile are illustrated with CH;CH(D)Br 
as substrate and the general nucleophile :Nu . This substrate has the leaving group bonded to a 
stereogenic center, thus allowing us to see the structural difference that results when the nucleo- 
phile attacks from two different directions. 


In frontside attack, the nucleophile approaches from the same side as the leaving group, form- 
ing A. In this example, the leaving group was drawn on the right, so the nucleophile attacks 
from the right, and all other groups remain in their original positions. Because the nucleophile 
and leaving group are in the same position relative to the other three groups on carbon, frontside 
attack results in retention of configuration around the stereogenic center. 


CH, CHa, H 

———— ea Ne 
_ Frontside attack C—Br + ‘Nu = C—Nu + Br 

Jf U / 

D 

A 


_ Nu replaces Br on the same side. 


In backside attack, the nucleophile approaches from the opposite side to the leaving group, 
forming B. In this example, the leaving group was drawn on the right, so the nucleophile attacks 
from the left. Because the nucleophile and leaving group are in the opposite position relative to 
the other three groups on carbon, backside attack results in inversion of configuration around 
the stereogenic center. 


CHa H HH 
` Backside attack | agp! Y 
- :iNu + Po SS a + Br 


Nu replaces Br on the opposite side. | 


The products of frontside and backside attack are different compounds. A and B are stereoiso- 
mers that are nonsuperimposable—they are enantiomers. 


product of retention product of inversion 
of configuration of configuration 


CHa H HoH 
— Ne __ Only this product is formed | 
df js z in an Sy2 reaction. 


mirror 


pea enantiomers daal 


Which product is formed in an Sy2 reaction? When the stereochemistry of the product is deter- 
mined, only B, the product of backside attack, is formed. 


e All Sy2 reactions proceed with backside attack of the nucleophile, resulting in inversion 
of configuration at a stereogenic center. 
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One explanation for backside attack is based on an electronic argument. Both the nucleophile 
and leaving group are electron rich and these like charges repel each other. Backside attack keeps 
these two groups as far away from each other as possible. In the transition state, the nucleophile 
and leaving group are 180° away from each other, and the other three groups around carbon 
occupy a plane, as illustrated in Figure 7.9. 


Figure 7.9 ł 
Stereochemistry of —— Ñ H qE oF 
the Sy2 reaction es Ta > i AAE Siu- i Nu—C + Br 
/ | \ 
D D D 


transition state 


+ 
ò = Y 
o — | ©- Y- — © + @ 


: Nu” and Br are 180° away from each other, 
on either side of a plane containing R, H, and D. 


—— | 


Two additional examples of inversion of configuration in Sy2 reactions are given in Figure 7.10. 


Figure 7.10 Hoh CHa H 
Two examples of inversion I~é + 3H 2 2——— ‘o-8H waT 
of configuration in CHCH CHCH, 


the Sy2 reaction 


= inversion of configuration e 


CI H 0 
P a ae 
+ ‘OH —- o + cl- 
= inversion of configuration I 


e The bond to the nucleophile in the product is always on the opposite side relative to the bond to 
the leaving group in the starting material. 


Sample Problem 7.2 Label the nucleophile and leaving group, and draw the product (including stereochemistry) of the 
following Sy2 reaction. 


Solution 

Br is the leaving group and CN is the nucleophile. Because Sy2 reactions proceed with inversion 
of configuration and the leaving group is drawn above the ring (on a wedge), the nucleophile must 
come in from below (ending up on a dashed bond). 
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The CHa group stays in its original orientation. 


Inversion of configuration occurs at the C—Br bond. 


Backside attack converts the starting material, which has two groups cis to each other, to a product 
with two groups trans to each other because the nucleophile (CN) attacks from below the plane of 


the ring. 
Problem 7.23 Draw the product of each Sy2 reaction and indicate stereochemistry. 
CHCH 2 tn, 
a. per + -OCH,CH,; ———> b. [= + “CN —=> 
H 


7.11D The Identity of the R Group 
How does the rate of an Sy2 reaction change as the alkyl group in the substrate alkyl halide 
changes from CH; --> 1° --> 2° --> 3°? 
e As the number of R groups on the carbon with the leaving group increases, the rate of 
an Sy2 reaction decreases. 
CH3—-X RCH,—X RoCH-X R3gC—X 
methyl 1° 2° 3° 


e Methyl and 1° alkyl halides undergo Sy2 reactions with ease. 
e 2° Alkyl halides react more slowly. 
e 3° Alkyl halides do not undergo Sy2 reactions. 


This order of reactivity can be explained by steric effects. As small H atoms are replaced by larger 
alkyl groups, steric hindrance caused by bulky R groups makes nucleophilic attack from the 
back side more difficult, slowing the reaction rate. Figure 7.11 illustrates the effect of increasing 
steric hindrance in a series of alkyl halides. 


Figure 7.11 
Steric effects in the Sy2 reaction 


CH3CH,Br 


The effect of steric hindrance on the rate of an Sy2 reaction is reflected in the energy of the 
transition state, too. Let’s compare the reaction of OH with two different alkyl halides, CH3Br 
and (CH;),CHBr, as shown in Figure 7.12. The transition state of each Sy2 reaction consists of 
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Figure 7.12 
Two energy diagrams depicting the effect of steric hindrance in Sy2 reactions 


a. CHBr + “OH > CH,OH + Br 


This transition state is 
lower in energy. 


lower E --> 
faster reaction 


b.  (CHs)sCHBr + “OH > (CHg)CHOH + Br- 
(CH,),CHBr + 


This transition state is 
higher in energy. 
FOI (CHa)2CHOH + Br- 


larger. E- -> 
slower reaction 
o E o o a a o 


Reaction coordinate 


CH,OH + Br- 


Reaction coordinate 


e (CH3)2CHBr is a sterically hindered alkyl halide. The transition 
state in the Sy2 reaction is higher in energy, making E, higher 
and decreasing the reaction rate. 


e CHgBr is an unhindered alkyl halide. The transition 
state in the Sp2 reaction is lower in energy, making 
E, lower and increasing the reaction rate. 


five groups around the central carbon atom—three bonds to either H or R groups and two partial 
bonds to the leaving group and the nucleophile. Crowding around the central carbon atom 
increases as H atoms are successively replaced by R groups, so the central carbon is much 
more sterically hindered in the transition state for (CH3),CHBr than for CH3Br. This increased 
crowding in the transition state makes it higher in energy (increases E,), so the rate of the Sy2 


reaction decreases. 


HH f H : 
H CHa 
SESS S o 
il a dii i Br 
H CH3 
less crowded transition state more crowded transition state 


lower in energy higher in energy 


faster S,2 reaction slower Sy2 reaction 


e Increasing the number of R groups on the carbon with the leaving group increases 
crowding in the transition state, decreasing the rate of an Sy2 reaction. 


e The Sy2 reaction is fastest with unhindered halides. 


Problem 7.24 Which compound in each pair undergoes a faster Sy2 reaction? 
Cl 


a. ge or aa ii b. (sr or ( 6 
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Table 7.5 summarizes what we have learned thus far about an Sy2 mechanism. 


Table 7.5 Characteristics of the Sy2 Mechanism a | 
Characteristic Result i i —— 
Kinetics e Second-order kinetics; rate = A[RX][:Nu] 
Mechanism e One step 
Stereochemistry e Backside attack of the nucleophile 


e Inversion of configuration at a stereogenic center 


Identity of R e Unhindered halides react fastest. 
Rate: CH3X > RCH2X > ReCHX > RCX 


7.12 Application: Useful S,2 Reactions 


Nucleophilic substitution by an Sy2 mechanism is common in the laboratory and in biological 
systems. 


The Sy2 reaction is a key step in the laboratory synthesis of many drugs including ethambutol 
(trade name Myambutol), used in the treatment of tuberculosis, and fluoxetine (trade name 
Prozac), an antidepressant, as illustrated in Figure 7.13. 


Nucleophilic substitution reactions are important in biological systems as well. The most com- 
mon reaction involves nucleophilic substitution at the CH; group in S-adenosylmethionine, or 
SAM. SAM is the cell’s equivalent of CHI. The many polar functional groups in SAM make it 
soluble in the aqueous environment in the cell. 


SAM, a nutritional supplement NH» 
sold under the name SAMe 
(pronounced sammy), has Nucleophiles attack hee, 5 CH 
been used in Europe to treat $ 3 | 
depression and arthritis 
for over 20 years. In cells, ie) a sulfonium salt 
SAM is used in nucleophilic HOOC 
substitutions that synthesi 
ke pie 2 id se = The rest of the molecule BA Nh OH OH 

Cy AMINO ACOs, ones; simply a leaving group. 


and neurotransmitters. S-adenosylmethionine 
SAM 


{ | A implifi CH3-+-SR 
N E simplified as CHa 2 


Figure 7.13 
Nucleophilic substitution in the synthesis of two useful drugs 


eme groups OH OH 
! p N L 
+ aag + HÑ — Bag ony: 
Te H 
nucleophiles —_ HO 


ethambutol 
(Trade name Myambutol) 


| leaving group | 


CF3 
CHaÑHa 
one step Taal dig gona 


nucleophile H 


fluoxetine 
(Trade name Prozac) 


e In both examples, the initial substitution product bears a positive charge and goes on to lose a proton to form the product drawn. 
e The NH; group serves as a neutral nucleophile to displace halogen in each synthesis. The new bonds formed by nucleophilic 
substitution are drawn in red in the products. 


Figure 7.14 
Adrenaline synthesis 
from noradrenaline in 
response to stress 
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The CH; group in SAM [abbreviated as (CH3SR,)"] is part of a sulfonium salt, a positively 
charged sulfur species that contains a good leaving group. Nucleophilic attack at the CH; group 
of SAM displaces R,S, a good neutral leaving group. This reaction is called methylation, 
because a CH; group is transferred from one compound (SAM) to another (:Nu’). 


[occas a | 
_ Nucleophilic a. % E: _ 
| substitution | "Nuz + CHapSRa ———> CHs-Nu + SR +— leaving group 


SAM substitution product 
For example, adrenaline (epinephrine) is a hormone synthesized in the adrenal glands from 
noradrenaline (norepinephrine) by nucleophilic substitution using SAM (Figure 7.14). When an 
individual senses danger or is confronted by stress, the hypothalamus region of the brain signals 


Stress or 
| danger 


nerve signal 


adrenal gland Adrenaline release causes: 
e Increase in heart rate. 
e Increase in blood pressure. 
e Increase in glucose synthesis. | 
e Dilation of lung passages. | 


noradrenaline adrenaline 
(norepinephrine) (epinephrine) 
(after loss of a proton) 
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Problem 7.25 


7.13 


7.13A 


Problem 7.26 


7.13B 


the adrenal glands to synthesize and release adrenaline, which enters the bloodstream and then 
stimulates a response in many organs. Stored carbohydrates are metabolized in the liver to form 
glucose, which is further metabolized to provide an energy boost. Heart rate and blood pressure 
increase, and Jung passages are dilated. These physiological changes result from the “rush of 
adrenaline,’ and prepare an individual for “fight or flight.” 

Nicotine, a toxic and addictive component of tobacco, is synthesized from A using SAM. Write out 
the reaction that converts A into nicotine. 


“= N “SS N 
HH — H |} 
Za Za CHa 
N N 
A 


nicotine 


The S1 Mechanism 


The reaction of (CH3)}CBr with CH;3COO is an example of the second mechanism for nucleo- 
philic substitution, the Sy1 mechanism. What are the general features of this mechanism? 


(6) 


i j 
Sy1 reaction CH,)3C— Br + ZON i UC 
| Snt reaction | (CHo)s “O05 CH: (CH;)sC—O~ ~ ~CHg 


acetate 


Oo 


Kinetics 


The Syl reaction exhibits first-order kinetics. 
e rate = k[(CH,),CBr] 


As we learned in Section 7.10, this suggests that the Syl mechanism involves more than one 
step, and that the slow step is unimolecular, involving only the alkyl halide. The identity and 
concentration of the nucleophile have no effect on the reaction rate. For example, doubling 
the concentration of (CH3)3;CBr doubles the rate, but doubling the concentration of the nucleo- 
phile has no effect. 

What happens to the rate of an Sy1 reaction under each of the following conditions? 


a. [RX] is tripled, and [:Nu7] stays the same. c. [RX] is halved, and [:Nu] stays the same. 
b. Both [RX] and [:Nu] are tripled. d. [RX] is halved, and [:Nu’] is doubled. 


A Two-Step Mechanism 


The most straightforward explanation for the observed first-order kinetics is a two-step mecha- 
nism in which bond breaking occurs before bond making, as shown in Mechanism 7.2. 


The key features of the Sy1 mechanism are: 


e The mechanism has two steps. 
e Carbocations are formed as reactive intermediates. 
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Cs Mechanism 7.2 The Sy1 Mechanism 


Step [1] The C- Br bond is broken. 


CH CH3 e Heterolysis of the C- Br bond forms an intermediate 
[fins | siz š ; : i 

CHy-Cr er aaa Ct + Br carbocation. This step is rate-determining because it 
cn; — CH3. CH3 involves only bond cleavage. 


carbocation 


Step [2] The C-O bond is formed. 
e Nucleophilic attack of acetate on the carbocation forms the 


CH3 :0: :0: 
ICE ee —— e. new C-O bond in the product. This is a Lewis acid-base 
CH; CH3 ʻO CH3 fast (CH3)3C>Q° CHa reaction; the nucleophile is the Lewis base and the 
se carbocation is the Lewis acid. Step [2] is faster than Step [1] 
new bond because no bonds are broken and one bond is formed. 


An energy diagram for the reaction of (CH;);CBr + CH3COO is shown in Figure 7.15. Each step 
has its own energy barrier, with a transition state at each energy maximum. Because the transition 
state for Step [1] is at higher energy, Step [1] is rate-determining. AH° for Step [1] has a positive 
value because only bond breaking occurs, whereas AH’ of Step [2] has a negative value because 
only bond making occurs. The overall reaction is assumed to be exothermic, so the final product 


is drawn at lower energy than the initial starting material. 


Figure 7.15 
An energy diagram 
for the Sy1 reaction: dai ł E 
(CHa)aCBr + CHCOO7 > (CH,)4C---Br: Step [1] 
(CH3)3COCOCH 3 +Br — 
an 1t 
as y 
(CH,)gC~--O- 


transition state 
Step [2] 


AH°[1] (+) 
(CHg)3CBr 
AH?[2] | (-) AM overall 


(CHg)sCOCOCH, 


Reaction coordinate 


e Since the S\1 mechanism has two steps, there are two energy barriers. 
e E,[1] > E,[2] since Step [1] involves bond breaking and Step [2] involves bond formation. 
e In each step only one bond is broken or formed, so the transition state for each step has one 


partial bond. 
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7.13C Stereochemistry of the S,1 Reaction 


To understand the stereochemistry of the Syl reaction, we must examine the geometry of the 
carbocation intermediate. 


s> „— vacant p orbital 


A trigonal planar | d 
| carbocation “a 
a A 


fa 


sp? hybridized 


¢ A carbocation (with three groups around C) is sp” hybridized and trigonal planar, and 
contains a vacant p orbital extending above and below the plane. 


To illustrate the consequences of having a trigonal planar carbocation formed as a reactive inter- 
mediate, we examine the Sy1 reaction of a 3° alkyl halide A having the leaving group bonded to 
a stereogenic carbon. 


CH,D 
:Nu- i CH 
>Nu Nu é~ 3 
planar carbocation (from the left) 
CHCH; 
CH; GH2D CH3 CHD B 
~% [1] Ne 
FU S CS 
CH3CH3 CHCH; 
i = i cH, CH2D 
A | Nu” can attack from either side. : AE é 
F (from the right) F 5 
CHCH3 
Br c 


Loss of the leaving group in Step [1] generates a planar carbocation that is now achiral. Attack 
of the nucleophile in Step [2] can occur from either side to afford two products, B and C. These 
two products are different compounds containing one stereogenic center. B and C are stereoiso- 
mers that are not superimposable—they are enantiomers. Because there is no preference for 
nucleophilic attack from either direction, an equal amount of the two enantiomers is formed—a 
racemic mixture. We say that racemization has occurred. 


Nucleophilic attack from both 
sides of a planar carbocation 
occurs in Sy1 reactions, 

but we see the result of this 
phenomenon only when the 
leaving group is bonded to a 
stereogenic center. 


e Racemization is the formation of equal amounts of two enantiomeric products from a 
single starting material. 


e Sy1 reactions proceed with racemization at a single stereogenic center. 


Two additional examples of racemization in Syl reactions are given in Figure 7.16. 


Figure 7.16 Pre MP et CH, GH2D 
Two examples of racemization I—¢* E in HO—C~ X + Nb—oH + HI 
in the Sy reaction CH CH CH;CH3 CHCH% 


— 


| racemic mixtures 


| 


Cl CH3 HO CH; CH, OH 


H2O S 
-y È + x + HCl 


èe Nucleophilic substitution of each starting material by an Sy1 mechanism forms a racemic mixture 
of two products. 

èe With H2O, a neutral nucleophile, the initial product of nucleophilic substitution (ROH,") loses a 
proton to form the final neutral product, ROH (Section 7.6). 
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Sample Problem 7.3 Label the nucleophile and leaving group, and draw the products (including stereochemistry) of the 
following Sy1 reaction. 


CH,CH, Ms 
6—Br + HO —> 


Solution 
Br is the leaving group and H20 is the nucleophile. Loss of the leaving group generates a trigonal 
planar carbocation, which can react with the nucleophile from either direction to form two products. 


4, H CHg 
H20: yt é CHCH; 


(from the left) / 
H m 


| Two products are formed from 
nucleophilic attack. 


planar carbocation 


CH3CH, CHa 
nE . 


esd ete Sy, 


CH H 
H var 
CH3CH3 / 


| HO can attack from either side. | bt: 


O: 
rs (from the right) C \ 
+ Bri 


In this example, the initial products of nucleophilic substitution bear a positive charge. They readily 
lose a proton to form neutral products. The overall process with a neutral nucleophile thus has 
three steps: the first two constitute the two-step Sy1 mechanism (loss of the leaving group and 
attack of the nucleophile), and the third is a Bransted-Lowry acid-base reaction leading to a 
neutral organic product. 


H CHg CH 


\4 5 .sCH CH [3] s CH CH 
Er o pG By 
O 
S H 
Br: 
| proton transfer | 
“enantiomers | 
CHCH QHs H a (3] CHCH; GPs 
~or — “¢—GH + HBr 


om O 


The two products in this reaction are nonsuperimposable mirror images—enantiomers. Because 
nucleophilic attack on the trigonal planar carbocation occurs with equal frequency from both 
directions, a racemic mixture is formed. 


Problem 7.27 Draw the products of each Sy1 reaction and indicate the stereochemistry of any stereogenic 


centers. 
CH, g 
p'e HO H S yon CH;COO 
a. (CH3)2CH ‘SH cH, b. CH,CH; el 
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7.13D The Identity of the R Group 


How does the rate of an Syl reaction change as the alkyl group in the substrate alkyl halide 
changes from CH;--> 1° --»> 2° --+ 3°? 


e As the number of R groups on the carbon with the leaving group increases, the rate of 
an Sy1 reaction increases. 


CH3-X RCH ,—X RoCH-X R3gC—X 
methyl 4° 2 3° 
Increasing rate of an Sy1 reactio 


e 3° Alkyl halides undergo Sy1 reactions rapidly. 
e 2° Alkyl halides react more slowly. 
e Methyl and 1° alkyl halides do not undergo Sy1 reactions. 


Table 7.6 summarizes the 
characteristics of the Sy1 


This trend is exactly opposite to that observed for the Sy2 mechanism. To explain this result, 
we must examine the rate-determining step, the formation of the carbocation, and learn about the 
effect of alkyl groups on carbocation stability. 


mechanism. 
Table 7.6 Characteristics of the Sy1 Mechanism ig 
Characteristic Result E 
Kinetics e First-order kinetics; rate = k[RX] 
Mechanism e Two steps 
Stereochemistry e Trigonal planar carbocation intermediate 


e Racemization at a single stereogenic center 


Identity of R e More substituted halides react fastest. 
e Rate: RCX > R2CHX > RCH.X > CH3X 


7.14 Carbocation Stability 


Carbocations are classified as primary (1°), secondary (2°), or tertiary (3°) by the number of R 
groups bonded to the charged carbon atom. As the number of R groups on the positively charged 
carbon atom increases, the stability of the carbocation increases. 


+ + + + 
CH3 RCH, RCH RC 
methyl T 2° 3° 


When we speak of carbocation stability, we really mean relative stability. Tertiary carbocations 
are too unstable to isolate, but they are more stable than secondary carbocations. We will examine 
the reason for this order of stability by invoking two different principles: inductive effects and 
hyperconjugation. 


Problem 7.28 Classify each carbocation as 1°, 2°, or 3°. 


+ + 
a ~~“ b (CHg)gCCH, c. or 5 Cy 


Problem 7.29 Draw the structure of a 1°, 2°, and 3° carbocation, each having molecular formula C4Hg*. Rank the 
three carbocations in order of increasing stability. 
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7.14A Inductive Effects 


Inductive effects are electronic effects that occur through o bonds. In Section 2.5B, for 
example, we learned that more electronegative atoms stabilize a negative charge by an electron- 
withdrawing inductive effect. 


— To stabilize a positive charge, electron-donating groups are needed. Alkyl groups are electron 

Electron donor groups (2) 3 donor groups that stabilize a positive charge. An alkyl group with several o bonds is more 

stabilize a (+) charge; ZY". a : 

Electron-withdrawing groups polarizable than a hydrogen atom, and more able to donate electron density. Thus, as R groups 

(W) stabilize a (-) charge: successively replace the H atoms in CH;’, the positive charge is more dispersed on the electron 
donor R groups, and the carbocation is more stabilized. 


Wey. 
R R R 
i f | \ 
H>H H E`H RSH n Seg 
methyl 1? 2° 3° 


Increasing number of electron-donating R groups 
Increasing carbocation stability 


Electrostatic potential maps for four carbocations in Figure 7.17 illustrate the effect of increasing 
alkyl substitution on the positive charge of the carbocation. 


Problem 7.30 Rank the following carbocations in order of increasing stability. 


+ 
om on 


Figure 7.17 


Electrostatic potential maps for 
different carbocations 


Increasing alkyl substitution 
Increasing dispersal of positive charge 


e Dark blue areas in electrostatic potential plots indicate regions low in electron density. As alkyl 
substitution increases, the region of positive charge is less concentrated on carbon. 


7.14B Hyperconjugation 


A second explanation for the observed trend in carbocation stability is based on orbital overlap. 
A 3° carbocation is more stable than a 2°, 1°, or methyl carbocation because the positive charge 
is delocalized over more than one atom. 


e Spreading out charge by the overlap of an empty p orbital with an adjacent o bond is 
called hyperconjugation. 
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For example, CH;* cannot be stabilized by hyperconjugation, but (CH3),CH* can: 


S o ai MER H o™ A H + 
CH; = H— ~H JO, “CH, = (CHg)2CH 


This carbocation has no opportunity for | Overlap of the C—H o bond with the adjacent 
orbital overlap with the vacant p orbital. vacant p orbital stabilizes the carbocation. | 


= 1 


Both carbocations contain an sp* hybridized carbon, so both are trigonal planar with a vacant p 
orbital extending above and below the plane. There are no adjacent C-H o bonds with which the 
p orbital can overlap in CH;*, but there are adjacent C—H o bonds in (CH3),CH”. This overlap 
(the hyperconjugation) delocalizes the positive charge on the carbocation, spreading it over a 
larger volume, and this stabilizes the carbocation. 


The larger the number of alkyl groups on the adjacent carbons, the greater the possibility for 
hyperconjugation, and the larger the stabilization. Hyperconjugation thus provides an alternate 
way of explaining why carbocations with a larger number of R groups are more stabilized. 


7.15 The Hammond Postulate 


The rate of an Sy1 reaction depends on the rate of formation of the carbocation (the product of 
the rate-determining step) via heterolysis of the C—X bond. 


e The rate of an Sy1 reaction increases as the number of R groups on the carbon with the 
leaving group increases. 

e The stability of a carbocation increases as the number of R groups on the positively 
charged carbon increases. 


i 
H=g=Br 
H 
methyl 
j f i 
HoH RSH rou RFR 
methyl 1° 28 3° 


J carbocation stabilit 


e Thus, the rate of an S1 reaction increases as the stability of the carbocation increases. 


—CrX: ——————— C X 
ney rate-determining a OO 
step -= N”, See 


_ The reaction is faster with 

| a more stable carbocation. 
The rate of a reaction depends on the magnitude of E,, and the stability of a product depends on 
AG”. The Hammond postulate, first proposed in 1955, relates rate to stability. 


7.15A 


Figure 7.18 

An endothermic reaction—How 
the energies of the transition 
state and products are related 
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The General Features of the Hammond Postulate 


The Hammond postulate provides a qualitative estimate of the energy of a transition state. 
Because the energy of the transition state determines the energy of activation and therefore the 
reaction rate, predicting the relative energy of two transition states allows us to determine the 
relative rates of two reactions. 


According to the Hammond postulate, the transition state of a reaction resembles the 
structure of the species (reactant or product) to which it is closer in energy. In endothermic 
reactions, the transition state is closer in energy to the products. In exothermic reactions, the 
transition state is closer in energy to the reactants. 


[1] An endothermic reaction [2] An exothermic reaction 


The transition state resembles | 
the reactants more. 


transition state 


The transition state resembles 
the products more. 


transition state 


| reactants | | products | 


— oono n o” 
Reaction coordinate Reaction coordinate 


¢ Transition states in endothermic reactions resemble the products. 
e Transition states in exothermic reactions resemble the reactants. 


What happens to the reaction rate if the energy of the product is lowered? In an endothermic 
reaction, the transition state resembles the products, so anything that stabilizes the product stabi- 
lizes the transition state, too. Lowering the energy of the transition state decreases the energy 
of activation (E,), which increases the reaction rate. 


Suppose there are two possible products of an endothermic reaction, but one is more stable (lower 
in energy) than the other (Figure 7.18). According to the Hammond postulate, the transition state 
to form the more stable product is lower in energy, so this reaction should occur faster. 


| Endothermic reaction ' 


| transition state | Ens | The lower energy transition state 


leads to the lower energy product. 


| products | 


ae 


—— _ slower reaction 
reactants | — faster reaction 


E 
Reaction coordinate 
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e Conclusion: In an endothermic reaction, the more stable product forms faster. 


What happens to the reaction rate of an exothermic reaction if the energy of the product is low- 
ered? The transition state resembles the reactants, so lowering the energy of the products has 
little or no effect on the energy of the transition state. If E, is unaffected, then the reaction rate 
is unaffected, too, as shown in Figure 7.19. 


e Conclusion: In an exothermic reaction, the more stable product may or may not form 
faster because £, is similar for both products. 


Figure 7.19 


An exothermic 
reaction—How 


the energies of the — 
transition state and | transition state | 


products are related 


Exothermic reaction 


«—— E, is similar for 
both pathways. 


Decreasing the energy of the product often has | 
little effect on the energy of the transition state. 
| products | 


reactants 


Reaction coordinate 


7.15B The Hammond Postulate and the S,1 Reaction 


In the Sy1 reaction, the rate-determining step is the formation of the carbocation, an endothermic 
reaction. According to the Hammond postulate, the stability of the carbocation determines the 
rate of its formation. 


For example, heterolysis of the C—Cl bond in (CH3) CHCI affords a less stable 2° carbocation, 
(CH3),CH* (Equation [1]), whereas heterolysis of the C—Cl bond in (CH;)3CC1 affords a more 
stable 3° carbocation, (CH3)3C* (Equation [2]). The Hammond postulate states that Reaction [2] is 
faster than Reaction [1], because the transition state to form the more stable 3° carbocation is lower 
in energy. Figure 7.20 depicts an energy diagram comparing these two endothermic reactions. 


r= CH3 CH3 


slower | | | ” 
[1] n | Choo = CH3 oy t cl 
H 


less stable carbocation 


me) of oH 

faster 7 

[2] | reaction ee m— = cH FcH, ai 
CHa 


3° 3° 
more stable carbocation 
In conclusion, the Hammond postulate can be used to predict the relative rates of two reactions. 


In the Syl reaction the rate-determining step is endothermic, so the more stable carbocation is 
formed faster. 


Figure 7.20 


Energy diagram for carbocation 
formation in two different 
Sy1 reactions 


Problera 7.31 


Spam, a widely consumed 
canned meat in Alaska, Hawaiʻi, 
and other parts of the United 
States, contains sodium nitrite. 


Two common nitrosamines: 
na `N N=0 


N-nitrosodimethylamine 


or 


N-nitrosopyrrolidine 
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more stable less stable 
transition state transition state 


(CHg)CH less stable carbocation 


(CH3)3C* more stable carbocation 


slower reaction 
faster reaction 


Reaction coordinate 
e Since (CH3)2CH* is less stable than (CH3)3C*, E,[1] > £,[2], and Reaction [1] is slower. 


Which alkyl halide in each pair reacts faster in an Sy1 reaction? 


CH, 
Br Br 
a. (CHa)aCBr or  (CHg)CCHBr b. or CY 


Application: S,y1 Reactions, Nitrosamines, and Cancer 


Syl reactions are thought to play a role in how nitrosamines, compounds having the general 
structure R,NN=O, act as toxins and carcinogens. Nitrosamines are present in many foods, 
especially cured meats and smoked fish, and they are also found in tobacco smoke, alcoholic 
beverages, and cosmetics. Nitrosamines cause many forms of cancer. 


Nitrosamines can be formed when amines that occur naturally in food react with sodium nitrite, 
NaNO, , a preservative added to meats such as ham, bacon, and hot dogs to inhibit the growth of 
Clostridium botulinum, a bacterium responsible for a lethal form of food poisoning. Nitrosamines 
are also formed in vivo in the gastrointestinal tract when bacteria in the body convert nitrates 
(NO; ) into nitrites (NO, ), which then react with amines. 


N N, 
N-H + NaNO, —_ N-N=0 

R’ R” 
amine sodium nitrite nitrosamine 


In the presence of acid or heat, nitrosamines are converted to diazonium ions, which contain a 
very good leaving group, N3. With certain R groups, these diazonium compounds form carboca- 
tions, which then react with biological nucleophiles (such as DNA or an enzyme) in the cell. If 
this nucleophilic substitution reaction occurs at a crucial site in a biomolecule, it can disrupt nor- 
mal cell function leading to cancer or cell death. This two-step process—loss of N, as a leaving 
group and reaction with a nucleophile—is an Sy]1 reaction. 


loss of the leaving group nucleophilic attack 


acid 
aN or + 
N-N=0 —_ R-NEN: =" Rt — R—Nu 
R/ A l t 
nitrosamine diazonium ion substitution 


carbocation biological 
+ nucleophiles products 
N 


2 
leaving group 
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The use of sodium nitrite as a preservative is a classic example of the often delicate balance 
between risk and benefit. On the one hand, there is an enormous benefit in reducing the prevalence 
of fatal toxins in meats by the addition of sodium nitrite. On the other, there is the potential risk 
that sodium nitrite may increase the level of nitrosamines in certain foods. Nitrites are still used 
as food additives, but the allowable level of nitrites in cured meats has been reduced. Debate 
continues on whether nitrite preservatives used at their current low levels actually pose a risk to 
the consumer. 


7.17 When Is the Mechanism Sy1 or Sy2? 


Given a particular starting material and nucleophile, how do we know whether a reaction occurs 
by the Syl or Sy2 mechanism? Four factors are examined: 


¢ The alkyl halide—CH,X, RCH,X, R,CHX, or RCX 
¢ The nucleophile—strong or weak 

¢ The leaving group—good or poor 

e The solvent—protic or aprotic 


7.17A The Alkyl Halide—The Most Important Factor 


The most important factor in determining whether a reaction follows the Sy1 or Sy2 mecha- 
nism is the identity of the alkyl halide. 


e Increasing alkyl substitution favors Sy1. 
e Decreasing alkyl substitution favors Sy2. 


Increasing rate of the Sy1 reactior 


i i i À 
H-Ç-X R-Ç-X R-Ç-X R-G-X 
H H R R 
methyl 12 2° 3° 

Sot both 
Sy2 Syl and Sy2 S1 


2 reaction 


e Methyl and 1° halides (CH3X and RCH2X} undergo Sy2 reactions only. 
e 3° Alkyl halides (RCX) undergo Sy1 reactions only. 


e 2° Alkyl halides (RCHX) undergo both Sy1 and Sy2 reactions. Other factors determine 
the mechanism. 


Examples are given in Figure 7.21. 


Figure 7.21 CELEK: Bt èg CHa 
Examples: The identity of ai 3 Br 
RX and the mechanism of 
nucleophilic substitution f Br 
1° halide 2° halide 3° halide 


Sy2 Both Sy1 and Sy2 are possible. Syi 


Problem 7.32 


7.17B 
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What is the likely mechanism of nucleophilic substitution for each alkyl halide? 
CHg H 


ie 
a. CH3—C—G-Br Be oe Br G. Ss. d. ae oa 


CHa CH, 


The Nucleophile 


How does the strength of the nucleophile affect an Syl or Sy2 mechanism? The rate of the 
Syl reaction is unaffected by the identity of the nucleophile because the nucleophile does not 
appear in the rate equation (rate = k[RX]). The identity of the nucleophile is important for 
the Sy2 reaction, however, because the nucleophile does appear in the rate equation for this 
mechanism (rate = k[RX][:Nu ]). 


¢ Strong nucleophiles present in high concentration favor Sy2 reactions. 


e Weak nucleophiles favor S,1 reactions by decreasing the rate of any competing Sy2 
reaction. 


The most common nucleophiles in Sy2 reactions bear a net negative charge. The most 
common nucleophiles in Sy1 reactions are weak nucleophiles such as H,O and ROH. The 
identity of the nucleophile is especially important in determining the mechanism and therefore 
the stereochemistry of nucleophilic substitution when 2° alkyl halides are starting materials. 


Let’s compare the substitution products formed when the 2° alkyl halide A (cis-1-bromo-4- 
methylcyclohexane) is treated with either the strong nucleophile OH or the weak nucleophile 
H,0. Because a 2° alkyl halide can react by either mechanism, the strength of the nucleophile 
determines which mechanism takes place. 


ora 


cis-1-bromo-4-methyl- 
cyclohexane 
A 


-OH 


(strong nucleophile) 


H2O 


(weak nucleophile) 


The strong nucleophile “OH favors an Sy2 reaction, which occurs with backside attack of the 
nucleophile, resulting in inversion of configuration. Because the leaving group Br’ is above the 
plane of the ring, the nucleophile attacks from below, and a single product B is formed. 


inversion of configuration 


om Eh + ÖH ——— ou yg + BF 


strong + Sy2 
nucleophile i Sy? | trans-4-methylcyclohexanol 
A B 
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Problem 7.33 


Problem 7.34 


7.17C 


The weak nucleophile H,O favors an Sy1 reaction, which occurs by way of an intermediate 
carbocation. Loss of the leaving group in A forms the carbocation, which undergoes nucleophilic 
attack from both above and below the plane of the ring to afford two products, C and D. Loss of 
a proton by proton transfer forms the final products, B and E. B and E are diastereomers of each 
other (B is a trans isomer and E is a cis isomer). 


cis isomer 
E + HBr: 


planar 
carbocation 


af oe 
: CH CH "ÖH 
+ BrE below L) OW 8 <? : 


t trans isomer 
The nucleophile attacks D B 
from above and below. Two products are formed. 


Thus, the mechanism of nucleophilic substitution determines the stereochemistry of the products 
formed. 


For each alkyl halide and nucleophile: [1] Draw the product of nucleophilic substitution; 
[2] determine the likely mechanism (Sy1 or Sy2) for each reaction. 


I 

a. = a +  CH30H (om Cy + CH 3CH,07- 
Br 

“CT + nal ie 

Br 


+ CH,OH 


Draw the products (including stereochemistry) for each reaction. 


a: i i t ko b. ie: ta + “C=C-H ——> 
i HD 


H Br 


The Leaving Group 


How does the identity of the leaving group affect an Sy1 or Sy2 reaction? 
e A better leaving group increases the rate of both Sy1 and Sy2 reactions. 


Because the bond to the leaving group is partially broken in the transition state of the only step 
of the Sy2 mechanism and the slow step of the Sy1 mechanism, a better leaving group increases 
the rate of both reactions. The better the leaving group, the more willing it is to accept the elec- 
tron pair in the C-X bond, and the faster the reaction. 


í — 
Transition state of the Transition state of the rate-determining step 
| Sy2 mechanism of the Sy1 mechanism 
+t 


t 


es E p sl s 
Bas —---X 


| | 


A better leaving group is more able to accept the negative charge. 


Problem 7.35 


7.17D 


See Section 7.8C to review 
the differences between polar 
protic solvents and polar 
aprotic solvents. 


Summary of solvent effects: 

e Polar protic solvents favor 
Sy reactions because 
the ionic intermediates are 
stabilized by solvation. 

e Polar aprotic solvents favor 
Sn2 reactions because 
nucleophiles are not well 
solvated, and therefore are 
more nucleophilic. 


Problem 7.36 


Problem 7.37 
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For alkyl halides, the following order of reactivity is observed for the Sy1 and the Sy2 mechanisms: 


R=F R-Br A-I 


O zzz! > 


Increasing leaving group ability 
Increasing rate of Sy1 and Sy2 reactions 


Which compound in each pair reacts faster in nucleophilic substitution? 


a. CH3CH2CH2Cl or CH3CH2CHaI G. (CHa) COH or (CHa) COH;3* 
b. (CHa) CBr or (CHa) CI d. CH3CH2CHOH or CH3CH2,CH,O0COCH 3 


The Solvent 


Polar protic solvents and polar aprotic solvents affect the rates of Sy1 and Sy2 reactions differently. 


e Polar protic solvents are especially good for Sy1 reactions. 
e Polar aprotic solvents are especially good for Sy2 reactions. 


Polar protic solvents like H2O and ROH solvate both cations and anions well, and this character- 
istic is important for the Sy1 mechanism, in which two ions (a carbocation and a leaving group) 
are formed by heterolysis of the C—X bond. The carbocation is solvated by ion—dipole interac- 
tions with the polar solvent, and the leaving group is solvated by hydrogen bonding, in much the 
same way that Na* and Br are solvated in Section 7.8C. These interactions stabilize the reactive 
intermediate. In fact, a polar protic solvent is generally needed for an Sy1 reaction. 


Polar aprotic solvents exhibit dipole-dipole interactions but not hydrogen bonding, and as a 
result, they do not solvate anions well. This has a pronounced effect on the nucleophilicity of 
anionic nucleophiles. Because these nucleophiles are not “hidden” by strong interactions with the 
solvent, they are more nucleophilic. Because stronger nucleophiles favor Sy2 reactions, polar 
aprotic solvents are especially good for Sy2 reactions. 


Which solvents favor Sy1 reactions and which favor Sy2 reactions? 
a. CH3CH2OH b. CHgCN c. CHCOOH d. CH4CH2OCH2CH3 


For each reaction, use the identity of the alkyl halide and nucleophile to determine which 
substitution mechanism occurs. Then determine which solvent affords the faster reaction. 


CH,OH 
a. ot te + CH,OH = a On + HCl 
Cl DMSO OCH, 
Br = H20 
b. AN7 + -OH ; ™~ OH + BF 
or 
DMF 
CH,OH 
on 2 IR + CHO À + cr 
H C HMPA H OCH, 
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7.17E Summary of Factors That Determine Whether the S,1 or Sn2 


Table 7.7 Summary of Factors That Determine the Sy1 or Sy2 Mechanism 


Mechanism Occurs 


Table 7.7 summarizes the factors that determine whether a reaction occurs by the Syl or Sy2 
mechanism. Sample Problems 7.4 and 7.5 illustrate how these factors are used to determine the 
mechanism of a given reaction. 


ae 7 


Aikyl halide Mechanism Other factors 
CHX S2 Favored by 

RCH,X (1°) è strong nucleophiles (usually a net negative charge) 
¢ polar aprotic solvents 

R3CX (3°) $y Favored by 
e weak nucleophiles (usually neutral) 
e polar protic solvents 

R2CHX (2°) Sy1 or Sy2 The mechanism depends on the conditions. 


¢ Strong nucleophiles favor the Sy2 mechanism over the Sy1 mechanism. For 
example, RO” is a stronger nucleophile than ROH, so RO” favors the Sy2 reaction 
and ROH favors the Sy1 reaction. 


e Protic solvents favor the S,1 mechanism and aprotic solvents favor the S,2 
mechanism. For example, H2O and CH3OH are polar protic solvents that favor the 
Sn1 mechanism, whereas acetone [(CH3)2C = O] and DMSO [(CHs3)2S = O} are polar 
aprotic solvents that favor the Sy2 mechanism. 


Sample Problem 7.4 Determine the mechanism of nucleophilic substitution for each reaction and draw the products. 


Sample Problem 7.5 


a. CHsCH,CH)—Br + “C=CH ——> O y g a 
Solution 

a. The alky! halide is 1°, so it must react by an Sy2 mechanism with the nucleophile ~:C = CH. 

a? 
A E 
CH;CHəCHərBr + “C=CH -> CH,CHCH;-C=CH + Br 
v N 
strong 
1° alkyl halide nucleophile 


b. The alkyl halide is 2°, so it can react by either the Sy1 or Sy2 mechanism. The strong 
nucleophile (CN) favors the Sy2 mechanism. 


E . A di & Be 
ce + CN Sy2 N Br 


strong 
2° alkyl halide nucleophile 


Determine the mechanism of nucleophilic substitution for each reaction and draw the products, 
including stereochemistry. 


a. RO + OCH Buss b. x + CHOH —> 


Problem 7.38 


7.18 
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Solution 

a. The 2° alkyl halide can react by either the Sy1 or Sy2 mechanism. The strong nucleophile 
((OCHs) favors the Sy2 mechanism, as does the polar aprotic solvent (DMSO). Sp2 reactions 
proceed with inversion of configuration. 


ey | J 
CH,0: + C-Cl — CH,0—C + cl 
‘ CHCH U ree j CHCH 
strong 31m2 Sn2 ang 
nucleophile 2° alkyl halide inversion of configuration 


b. The alkyl halide is 3°, so it reacts by an Sy1 mechanism with the weak nucleophile CH3OH. Syt 
reactions proceed with racemization at a single stereogenic center, so two products are formed. 


ad OCH, 
A + CHH -z> AAA + r + HCI 
Cl Spi ‘OCH, t 


weak two products of 
3° alkyl halide nucleophile nucleophilic substitution 


Determine the mechanism and draw the products of each reaction. Include the stereochemistry at 
all stereogenic centers. 


I 
a. CO oner + CHCHO —> c. Aiat i + CHOH —> 


Vinyl Halides and Aryl Halides 


Syl and Sy2 reactions occur only at sp? hybridized carbon atoms. Now that we have learned 
about the mechanisms for nucleophilic substitution we can understand why vinyl halides and 
aryl halides, which have a halogen atom bonded to an sp” hybridized C, do not undergo nucleo- 
philic substitution by either the Syl or Sy2 mechanism. The discussion here centers on vinyl 
halides, but similar arguments hold for aryl halides as well. 


sp? hybridized C 
| Ay 
ASX or 


vinyl halide ary! halide 


Vinyl halides do not undergo Sy2 reactions in part because of the percent s-character in the hybrid 
orbital of the carbon atom in the C-X bond. The higher percent s-character in the sp* hybrid 
orbital of the vinyl halide compared to the sp? hybrid orbital of the alkyl halide (33% vs. 25%) 
makes the bond shorter and stronger. 


Vinyl halides do not undergo Sy1 reactions because heterolysis of the C—X bond would form a 
highly unstable vinyl carbocation. Because this carbocation has only two groups around the 
positively charged carbon, it is sp hybridized. These carbocations are even less stable than 1° 
carbocations, so the Sy1 reaction does not take place. 


sp hybridized 
i H 
Hy aN 
ge Br —> c=¢-H + Br 
| Aus f 
H H 


a vinyl carbocation 
highly unstable 
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Problem 7.39 


7.19 


Rank the following carbocations in order of increasing stability. 


+ + + 
a. CHłCHCHCH;CH=CH_ b. CH3CH2CHsCH2CHCH3 c. CHgCH2CHsCH2CH2CH2 


Organic Synthesis 


Thus far we have concentrated on the starting material in nucleophilic substitution—the alkyl 
halide—and have not paid much attention to the product formed. Nucleophilic substitution reac- 
tions, and in particular Sy2 reactions, introduce a wide variety of different functional groups in 
molecules, depending on the nucleophile. For example, when “OH, OR, and “CN are used as 
nucleophiles, the products are alcohols (ROH), ethers (ROR), and nitriles (RCN), respectively. 
Table 7.8 lists some functional groups readily introduced using nucleophilic substitution. 


R-X + Nu ——> Riu) + x5 
One starting material forms many different products. 


By thinking of nucleophilic substitution as a reaction that makes a particular kind of organic 
compound, we begin to think about synthesis. 


e Organic synthesis is the systematic preparation of a compound from a readily available 
starting material by one or many steps. 


Table 7.8 Molecules Synthesized from R-X by the Sy2 Reaction ; “a 


Nucleophile (Nu) Product Name 
Oxygen compounds | -OH R+ OH | alcohol 
-OR' R-OR' ether 
(6) oO 
I I 
-0x 70x ester 
O R R i ie) R' 
Carbon compounds “CN R LCN | nitrile 
“C=C-H R+C=C-H | alkyne 
Nitrogen compounds Ng- R Ns | azide 
*NH3 RÊN] amine 
Sulfur compounds -SH R+sH | thiol 
i a 
-SR' R—SR' sulfide 


products of nucleophilic substitution 


7.19A 


Phenol, the starting material 
for the aspirin synthesis, is a 
petroleum product, like most 
of the starting materials used 
in large quantities in industrial 
syntheses. A shortage of 
petroleum reserves thus affects 
the availability not only of fuels 
for transportation, but also of 
raw materials needed for most 
chemical synthesis. 


Aspirin is synthesized by a two- 
step procedure from simple, 
cheap starting materials. 
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Background on Organic Synthesis 


Chemists synthesize molecules for many reasons. Sometimes a natural product, a compound 
isolated from natural sources, has useful medicinal properties, but is produced by an organism 
in only minute quantities. Synthetic chemists then prepare this molecule from simpler starting 
materials so that it can be made available to a large number of people. 


Sometimes, chemists prepare molecules that do not occur in nature (although they may be 
similar to those in nature), because these molecules have superior properties to their naturally 
occurring relatives. Aspirin, or acetylsalicylic acid (Section 2.7), is a well known example. 
Acetylsalicylic acid is prepared from phenol, a product of the petroleum industry, by a two-step 
procedure (Figure 7.22). Aspirin has become one of the most popular and widely used drugs in 
the world because it has excellent analgesic and anti-inflammatory properties, and it is cheap 
and readily available. 


Figure 7.22 Synthesis of aspirin Ox,-CHs 
i 
OH [1] NaOH- NaOH O 
O __(CHsCO)0 
21 co, CO, OH 
[3] H,0* a" ta Gr 
phenol aspirin O 


7.19B Nucleophilic Substitution and Organic Synthesis 


To carry out synthesis we must think backwards. We examine a compound and ask: What start- 
ing material and reagent are needed to make it? If we are using nucleophilic substitution, we 
must determine what alkyl halide and what nucleophile can be used to form a specific product. 
This is the simplest type of synthesis because it involves only one step. In Chapter 11 we will 
learn about multistep syntheses, 


Suppose, for example, that we are asked to prepare (CH;),CHCH,OH (2-methyl-1-propanol) 
from an alkyl halide and any required reagents. To accomplish this synthesis, we must “fill in the 
boxes” for the starting material and reagent in the accompanying equation. 


Synthesize this product. 


i os 


What is the starting material? 
What is RX? 


qhe 
CH,CHCH,—OH 


2-methyl-1-propanol 


What reagent is needed? 

What is the nucleophile? 
To determine the two components needed for the synthesis, remember that the carbon atoms 
come from the organic starting material, in this case a 1° alkyl halide [(CH3)»CHCH)Br]. The 
functional group comes from the nucleophile, OH in this case. With these two components, we 
can “fill in the boxes” to complete the synthesis. 


The nucleophile provides the functional group. 


ÇH 
CH,CHCH, 


| 
CH3CHCH, 


The alkyl halide provides the carbon framework. 
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After any synthesis is proposed, check to see if it is reasonable, given what we know about reac- 
tions. Will the reaction written give a high yield of product? The synthesis of (CH;)»CHCH,OH is 
reasonable, because the starting material is a 1° alkyl halide and the nucleophile (OH) is strong, 
and both facts contribute to a successful Sy2 reaction. 


What alkyl halide and nucleophile are needed to prepare each compound? 


ry g ET) ó 
a & A @ bi a Se ea ie d.+@@ 
Jv ye @ a of 


vv va 


Problem 7.40 


Problem 7.41 The ether, CH3OCH,CHg, can be prepared by two different nucleophilic substitution reactions, one 


using CH3O0° as nucleophile and the other using CH3CH20° as nucleophile. Draw both routes. 


KEY CONCEPTS 


Alkyl Halides and Nucleophilic Substitution 


General Facts about Alkyl Halides 
e Alkyl halides contain a halogen atom X bonded to an sp? hybridized carbon (7.1). 
e Alkyl halides are named as halo alkanes, with the halogen as a substituent (7.2). 
Alkyl halides have a polar C ~ X bond, so they exhibit dipole-dipole interactions but are incapable of intermolecular hydrogen 
bonding (7.3). 
¢ The polar C- X bond containing an electrophilic carbon makes alkyl halides reactive towards nucleophiles and bases (7.5). 


The Central Theme (7.6) 
e Nucleophilic substitution is one of the two main reactions of alkyl halides. A nucleophile replaces a leaving group on an sp? 
hybridized carbon. 
R-X + N —* R-Nu + X7 


nucleophile leaving group 


The electron pair in the C—Nu bond 
comes from the nucleophile. 


e One o bond is broken and one o bond is formed. 
e There are two possible mechanisms: Sy1 and Sy2. 


Sul and S,2 Mechanisms Compared 


Sy2 mechanism Sn1 mechanism 


[1] Mechanism e One step (7.11B) e Two steps (7.13B) 

[2] Alkyl halide e Order of reactivity: CHX > RCH2X > e Order of reactivity: RąCX > ReCHX > RCH2X > 
R2CHX > RgCX (7.11D) CH3X (7.13D) 

[3] Rate equation e Rate = A([RX][-Nu] Rate = k[RX] 


[4] Stereochemistry 


[5] Nucleophile 
[6] Leaving group 


[7] Solvent 


Second-order kinetics (7.11A) 

Backside attack of the nucleophile (7.11C) 
Inversion of configuration at a stereogenic center 
Favored by stronger nucleophiles (7.17B) 


Better leaving group --> faster reaction 
(7.17C) 


Favored by polar aprotic solvents (7.17D) 


First-order kinetics (7.13A) 

Trigonal planar carbocation intermediate (7.13C) 
Racemization at a single stereogenic center 
Favored by weaker nucleophiles (7.17B) 


Better leaving group --~> faster reaction 
(7.17C) 


Favored by polar protic solvents (7.17D) 


important Trends 
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e The best leaving group is the weakest base. Leaving group ability increases left-to-right across a row and down a column of the 


periodic table (7.7). 
e Nucleophilicity decreases left-to-right across a row of the periodic table (7.8A). 


e Nucleophilicity decreases down a column of the periodic table in polar aprotic solvents (7.80). 
e Nucleophilicity increases down a column of the periodic table in polar protic solvents (7.8C). 


important Principles 


The stability of a carbocation increases as the number of R groups bonded to the positively charged carbon increases (7.14). 


Principle Example 

e Electron-donating groups (such as R groups) stabilize a e 3° Carbocations (R3C*) are more stable than 2° carbocations 
positive charge (7.14A). (R2CH*), which are more stable than 1° carbocations (RCH3*). 

e Steric hindrance decreases nucleophilicity but not ¢ (CHs,)3CO” is a stronger base but a weaker nucleophile 
basicity (7.8B). than CH3CH20°. 

e Hammond postulate: In an endothermic reaction, the e Sy reactions are faster when more stable (more 
more stable product is formed faster. In an exothermic substituted) carbocations are formed, because the 
reaction, this is not necessarily true (7.15). rate-determining step is endothermic. 

e Planar, sp? hybridized atoms react with reagents from e A trigonal planar carbocation reacts with nucleophiles 
both sides of the plane (7.130). from both sides of the plane. 

PROBLEMS i 


Problems Using Three-Dimensional Models 
7.42 Give the IUPAC name for each compound, including any R,S designation. 


a ee 
E 4 y 9 w p € 
. oe SE S n a @ 


v @ i d 
JI vY @ v 6 © 
w 
7.43 Draw the products formed when each alkyl halide is treated with NaCN. 
? 
w g~ ~ v v e- Y 
p /@ E37 3 ip ogo a 
A v 
. A 5&7 5 $2 € 9 A 
v v ə vs v b 
v v 


Nomenclature 


7.44 Give the IUPAC name for each compound. 
Br 
ot 
a. CHs—G—CH CHF c. (CH3)3CCH Br e. 
CH3 


g. (CH3)sCCH2CH(C)CH;CI 


(Also, label this compound 
as Ror S.) 
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7.45 Give the structure corresponding to each name. 


7.46 


7.47 


a. isopropyl bromide e. 1-bromo-4-ethyl-3-fluorooctane 

b. 3-bromo-4-ethylheptane f. (3S)-3-iodo-2-methylnonane 

c. 1,1-dichloro-2-methylcyclohexane g. (1R,2R)-trans-1-bromo-2-chlorocyclohexane 
d. trans-1-chloro-3-iodocyclobutane h. (6R)-4,4,5-trichloro-3,3-dimethyldecane 


Classify each alkyl halide in Problem 7.44 as 1°, 2°, or 3°. When a compound has more than one halogen, assign each 
separately. 


Draw the eight constitutional isomers having the molecular formula C5H,,Cl. 
a. Give the IUPAC name for each compound (ignoring R and S designations). 
b. Label any stereogenic centers. 


c. For each constitutional isomer that contains a stereogenic center, draw all possible stereoisomers, and label each 
stereogenic center as R or S. 


Physical Properties 


7.48 


Which compound in each pair has the higher boiling point? 


Br 
a. (CHg)sCBr or CH3CH2sCH,CH.Br bp Or Oy c. © 3 CY 


General Nucleophilic Substitution, Leaving Groups, and Nucleophiles 


7.49 


7.50 


Draw the substitution product that results when CH3CH2CH2CH,2Br reacts with each nucleophile. 


a. OH d. “OCH(CHs)2 g. NH3 
b. “SH e. “C=CH h. Nal 
c. “CN f. H20 i NaNg 
Draw the products of each nucleophilic substitution reaction. 
? 

A SPN g — d — 

a. cH ^o- k Cl + CHCH OH 
Cl 
Br 

b. ght + NaCN s e. O + NaOCH3 =< 
c. i+ oa = i, —~-O +4 cHscH, — 


7.51 Which of the following molecules contain a good leaving group? 


7.52 


OH OH, 
a. CJ b. CH3CH2CH2CH,Cl C. © d. Cy e. CH3CH2NH2 Ti CH3CH2CH21 


Rank the species in each group in order of increasing leaving group ability. 
a. `OH, F~, “NH2 e: Bf, GY. 
b. H20, “NH3, OH d. NH3, H2S, H20 


7.53 Which of the following nucleophilic substitution reactions will take place? 


NH3 I 


b. CHCH + CH,0- ——> CH,CH,OCH, + rT 


Cs ee tO OS SO ON 


Problems 


7.54 Rank the species in each group in order of increasing nucleophilicity. 


a. CH7, OH, "NH2 d. CH3NH2, CH3SH, CH3OH in acetone 
b. H20, “OH, “SH in CHOH e. “OH, F~, CI in acetone 
c. CH3CH2S°, CH3CH20°", CH3COO™ in CHOH f. HS, F7, Cl in CHOH 
7.55 Classify each solvent as protic or aprotic. 
a. (CH3)2CHOH c. CHCl. e. N(CHə)s 
b. CHNO; d. NH3 f. HCONH2 


7.56 Why is the amine N atom more nucleophilic than the amide N atom in CHaCONHCHCHCHNHCH;3? 


The Sy2 Reaction 
7.57 Consider the following Sy2 reaction: 


POP t TON Se SOG 8N + Br 


acetone 
Draw a mechanism using curved arrows. 
Draw the structure of the transition state. 


What is the rate equation? 
What happens to the reaction rate in each of the following instances? [1] The leaving group is changed from Br 


onog 


to I; [2] The solvent is changed from acetone to CH3CH20OH; [3] The alkyl halide is changed from CH3(CH2),Br to 


CH3CH2CH,CH(Br)CH;; [4] The concentration of “CN is increased by a factor of five; and [5] The concentrations 
of both the alkyl halide and “CN are increased by a factor of five. 


7.58 Rank the organic halides in each group in order of increasing Sy2 reactivity. 


Ltr ie 


b. ANA A LPF yy e a 


7.59 Which Sy2 reaction in each pair is faster? 
a. CH,CHBr + OH —~> ce -\ 1 + -OCH CHOH 


CH,CH,Cl + -OH ——=> P aris 
ae s~o] + OCH ë DMS 


b. -\_Cl + NaOH — d. ~\~™pB, + -OCH;CH3 — 


<N zl +  NaOCOCH, = ——> g i +  -OCH;CH3 — 


7.60 Draw the products of each Sy2 reaction and indicate the stereochemistry where appropriate. 
CH, 


| 
a Au + Och = ; Br + “N —— 
H NC = s D- i 
D a 
b. ai Sudi + -OCH;CH; —— 
H 


Carbocations 


7.61 Classify each carbocation as 1°, 2°, or 3°. 


CHCH; 
+ + 
a. CHgCH,CHCH,CH; b. desi, c. Si d. J i. e. Q, 
A CH, 


Draw an energy diagram. Label the axes, the reactants, products, Ea, and AH°. Assume that the reaction is exothermic. 
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7.62 Rank the carbocations in each group in order of increasing stability. 


saiya akeke oe on TOL EH cy 


7.63 Which of the following carbocations (A or B) is more stable? Explain your choice. 


oa F se + 


A B 
The Sy1 Reaction 
7.64 Consider the following Sy1 reaction. 
Çh pfa 
I OH, 
+ 


a. Draw a mechanism for this reaction using curved arrows. 

b. Draw an energy diagram. Label the axes, starting material, product, Ea, and AH°®. Assume that the starting material and 

product are equal in energy. 

Draw the structure of any transition states. 

What is the rate equation for this reaction? 

e. What happens to the reaction rate in each of the following instances? [1] The leaving group is changed from 
T to CI; [2] The solvent is changed from H20 to DMF; [3] The alkyl! halide is changed from (CH3)sC(I)CH2CHs3 to 
(CHs)2CHCH(I)CH3; [4] The concentration of H20 is increased by a factor of five; and [5] The concentrations of both the alkyl 
halide and H20 are increased by a factor of five. 


2 9 


7.65 Rank the organic halides in each group in order of increasing Sy1 reactivity. 


AX Me Le fy CF OF 


7.66 Which Sy1 reaction in each pair is faster? 


7.67 


7.68 


Cl 
a. (CH3)3CCI + H2O pe CG: Cy + H2O — 


(CHa)CI + HO ——> Cl 
Co +m — 


a ! 
b, + CHOH ——> d. + CH,CH,OH 
pr £ man oe CH4CH,OH 
l 
ye + CHOH —> ome + CH,CH,OH 


Draw the products of each Sy1 reaction and indicate the stereochemistry when necessary. 
Br Br 
a. are + CHgCH,0H ————> b. (y + HỌ 


Draw a stepwise mechanism for the following reaction that illustrates why two substitution products are formed. Explain why 
1-bromo-2-hexene reacts rapidly with a weak nucleophile (CH3OH) under Sp1 reaction conditions, even though it is a 1° alkyl 
halide. 


DMSO 


CHOH 


CH3CH2CH,CH=CHCH,Br CHsCH,CH,CH=CHCH,OCH, + CH3CH,CH»CHCH=CH, + HBr 


1-bromo-2-hexene OCHs 
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Syl and Sp2 Reactions 
7.69 Determine the mechanism of nucleophilic substitution of each reaction and draw the products, including stereochemistry. 


HCH; 


— d. Qn + CHCOOH ~> 
acetone H~ Ae 3 
3 


aes “OCH; e. es +  “OCH,CH; ———> 
DMSO Br DMF 
ci 
E + CHOH ———> f. LT + CHCH;OH ———> 
‘CH,CH,CH, 


7.70 Diphenhydramine, the antihistamine in Benadryl, can be prepared by the following two-step sequence. What is the structure of 
diphenhydramine? 


1] NaH 
(CH3)2NCH2CH2OH pi + diphenhydramine 


Pr 
a CI 
H 
7.71 Draw a stepwise, detailed mechanism for the following reaction. Use curved arrows to show the movement of electrons. 


OCH;CH3 
L Shere Chon + Cr + HBr 


7.72 When a single compound contains both a nucleophile and a leaving group, an intramolecular reaction may occur. With this in 
mind, draw the product of the ay reaction. 


S¢-OH -07 
“OH 
oe Zon, oe SS C-H; 002 + Br 


+ HO 


7.73 Nicotine can be made when the following ammonium salt is treated with NasCO3. Draw a stepwise mechanism for this reaction. 


Br 


P 
ÑŇH,CH3 SP Sy 
Í i Natos. \ + NaHCO, + NaBr 
Za Br NÍ CH3 
N 


nicotine 


7.74 Quinapril (trade name Accupril) is a drug used to treat high blood pressure and congestive heart failure. One step in the 
synthesis of quinapril involves reaction of the racemic alkyl bromide A with a single enantiomer of the amino ester B. (a) What 
two products are formed in this reaction? (b) Given the structure of quinapril, which one of these two products is needed to 
synthesize the drug? 


CH3CHQ o 


CO2CH3CH, H CHa 


? A D 
mo „COH » nwAy 
(CH3CH3)3N 
OC(CH3)a 
quinapril 


racemic A B 
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7.75 Draw a stepwise, detailed mechanism for the following reaction. 


i 


N TÄ 
GUINEAN + SKN, fn N-CH; + CH3NHs Cr 
(excess) 


7.76 When (6R)-6-bromo-2,6-dimethylnonane is dissolved in CH3OH, nucleophilic substitution yields an optically inactive solution. 
When the isomeric halide (6R)-2-bromo-2,5-dimethylnonane is dissolved in CH3OH under the same conditions, nucleophilic 
substitution forms an optically active solution. Draw the products formed in each reaction, and explain why the difference in 
optical activity is observed. 


Synthesis 
7.77 Fill in the appropriate reagent or starting material in each of the following reactions. 


a: Pract, L yee a e| | ~ cr 
C ao Oo 


7.78 Devise a synthesis of each compound from an alkyl halide using any other organic or inorganic reagents. 


OAA 
a. he sue gH b. es a c. CH;CHCN d. Cy e. CH3gCH,O0COCH3 


7.79 Benzalkonium chloride (A) is a weak germicide used in topical antiseptics and mouthwash. A can be prepared from amines B or 
C by Sy2 reaction with an alkyl chloride. (a) What alkyl chloride is needed to prepare A from B? (b) What alkyl chloride is needed 
to prepare A from C? 


CH; 
+l 
(pete HCH CH cr (powcr CH4(CH3)17N(CH3)2 


CH3 
B c 
benzalkonium chloride 
A 


7.80 Suppose you have compounds A-D at your disposal. Using these compounds, devise two different ways to make E. Which one 
of these methods is preferred, and why? 


ii Cr NaOCH, Cn. (ros 
A B c D 


E 


7.81 Muscalure, the sex pheromone of the common housefly, can be prepared by a reaction sequence that uses two nucleophilic 
substitutions. Identify compounds A-D in the following synthesis of muscalure. 


NaH CH,(CH2)7,CHBr NaH 
a ——— A E p c H 
CHg(CHs),;CH»Br 
Ho M addition of Hp 
prs, 
CH3(CHa)zCHs CH2(CH3)44CH3 (1 equiv) 
muscalure 


Challenge Problems 


7.82 We will return often to nucleophilic substitution, in particular the Sp2 reaction, in subsequent chapters. In each instance we will 
concentrate on the nucleophile, rather than the alky! halide, as we have done in this chapter. By using different nucleophiles, 
nucleophilic substitution allows the synthesis of a wide variety of organic compounds with many different functional groups. 


7.83 


7.84 


7.85 


7.86 


7.87 
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With this in mind, draw the products of each two-step sequence. (Hint: Step [1] in each part involves an acid-base reaction that 
removes the most acidic hydrogen from the starting material.) 


[1] NaH ginal i [1] NaOCH,CH, 
a. BO OO re fom —— > 
OH [2] CHBr a(COsGHaCHale [2] CgHsCHoBr 
(Chapter 9) (Chapter 23) 
[1] NaNH, 
b. CH3CH2,CH,—C=C—H ee tae oe 
[2] CH3CH,Br 


(Chapter 11) 


Explain why quinuclidine is a much more reactive nucleophile than triethylamine, even though both compounds have N atoms 
surrounded by three R groups. 


LN CHgCHY Ne" CHaCHg 
G CH2CH3 
quinuclidine triethylamine 


Draw a stepwise mechanism for the following reaction sequence. 


gens 
aun te 
H> + NaBr 
“PICH.Br CH,Br 
major product minor product 


As we will learn in Chapter 9, an epoxide is an ether with an oxygen atom in a three-membered ring. Epoxides can be made by 
intramolecular Sy2 reactions of intermediates that contain a nucleophile and a leaving group on adjacent carbons, as shown. 


ue ie Le = 
5e _base , Š 7A 
‘eer base ee ce gydag +B 
H`/ N HY x intramolecular if K 
H Br H Ger Sy2 
epoxide 


Assume that each of the following starting materials can be converted to an epoxide by this reaction. Draw the product formed 
(including stereochemistry) from each starting material. Why might some of these reactions be more difficult than others in 
yielding nucleophilic substitution products? 


Br OH 
OH Br 
a (CH)C<hmay H h cH c. we LAAN, d. (CH)o_L—7 ® 
r 


When trichloride J is treated with CHOH, nucleophilic substitution forms the dihalide K. Draw a mechanism for this reaction 
and explain why one CI is much more reactive than the other two Cl’s so that a single substitution product is formed. 


Cl | cl 
CH,OH Ql 
a” “Cl ane O~ “OCH, 
J K 


In some nucleophilic substitutions under S\1 conditions, complete racemization does not occur and a small excess of one 
enantiomer is present. For example, treatment of optically pure 1-bromo-1-phenylpropane with water forms 1-phenyl-1-propanol. 
(a) Calculate how much of each enantiomer is present using the given optical rotation data. (b) Which product predominates—the 
product of inversion or the product of retention of configuration? (c) Suggest an explanation for this phenomenon. 


H Br OH 


1-bromo-1-phenylpropane 1-phenyl-1-propanol 
observed [a] = +5.0 
optically pure S isomer, [a] = 


8.1 


8.2 


8.3 


8.4 
8.5 
8.6 
8.7 
8.8 


8.9 


8.10 


8.11 
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£ = | 
h aa 
ť O Y i 
pa 
Pa 
iy <>} 4 
il 7 ael 
oN d 
“aaa 


General features 
of elimination 


Alkenes—The products 
of elimination reactions 


The mechanisms 
of elimination 


The E2 mechanism 

The Zaitsev rule 

The E1 mechanism 

Sy1 and E1 reactions 
Stereochemistry of the 
E2 reaction 

When is the mechanism 
E1 or E2? 

E2 reactions and alkyne 
synthesis 

When is the reaction Sy1, 
Sn2, E1, or E2? 


Alkyl Halides and 
Elimination Reactions 


DDE, dichlorodiphenyldichloroethylene, is formed by the elimination of HCI from the pesti- 
cide DDT. DDE and DDT accumulate in the fatty tissues of predator birds such as osprey that 
feed on fish contaminated with DDT. When DDE and DDT concentration is high, mother osprey 
produce eggs with very thin shells that are easily crushed, so fewer osprey chicks hatch. In 
Chapter 8, we learn about elimination reactions, the second general reaction of alkyl halides, 
which form alkenes like DDE. 
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Elimination reactions introduce n bonds into organic compounds, so they can be used 
to synthesize alkenes and alkynes—hydrocarbons that contain one and two = bonds, respectively. 
Like nucleophilic substitution, elimination reactions can occur by two different pathways, depending 
on the conditions. By the end of Chapter 8, therefore, you will have learned four different reaction 
mechanisms, two for nucleophilic substitution (Syl and Sy2) and two for elimination (E1 and E2). 


The biggest challenge with this material is learning how to sort out two different reactions that 
follow four different mechanisms. Will a particular alkyl halide undergo substitution or 
elimination with a given reagent, and by which of the four possible mechanisms? To answer 
this question, we conclude Chapter 8 with a summary that allows you to predict which reaction 
and mechanism are likely for a given substrate. 


8.1 General Features of Elimination 


All elimination reactions involve loss of elements from the starting material to form a new 7 
bond in the product. 


e Alkyl halides undergo elimination reactions with Bronsted-Lowry bases. The elements of 
HX are fost and an alkene is formed. 


j 
General elimination reactlon | 
fi 


| 
== + B —+ ‘pad + H-Bt + X7 
x Z A 


Eie sA | base new z bond 
an alkene 


elimination of HX 


Equations [1] and [2] illustrate examples of elimination reactions. In both reactions a base 
removes the elements of an acid, HBr or HCI, from the organic starting material. 


[Ema] [Base] ‘alkene| | By-product | 


- CHCH 
HN K* “OC(CH,)s a H 
no Cheha- — C=O + HOC(CH)g 
H Br | [ney H oH + KBr- 
Na* -OCH;CH; 

2] ———— + HOCH,CH, 
> oo [patel] + Nat Ci 

H © | 


Removal of the elements of HX, called dehydrohalogenation, is one of the most common meth- 
ods to introduce a m bond and prepare an alkene. Dehydrohalogenation is an example of B elimi- 
nation, because it involves loss of elements from two adjacent atoms: the œ carbon bonded to 
the leaving group X, and the B carbon adjacent to it. Three curved arrows illustrate how four 
bonds are broken or formed in the process. 


af y d Ba 
‘ie Yy a 
ee Pe en 
p | X new z bond leaving 


group 


e The base (B:) removes a proton on the ß carbon, thus forming H- B*. 
e The electron pair in the B C-H bond forms the new x bond between the o and B carbons. 
e The electron pair in the C—X bond ends up on halogen, forming the leaving group :X. 
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The most common bases used in elimination reactions are negatively charged oxygen compounds 
such as OH and its alkyl derivatives, OR, called alkoxides, listed in Table 8.1. Potassium tert- 
butoxide, K* “OC(CH3)3, a bulky nonnucleophilic base, is especially useful (Section 7.8B). 


Table 8.1 Common Bases Used in Dehydrohalogenation | 


Structure Name 

Na* “OH sodium hydroxide 

K* “OH potassium hydroxide 
Na* "OCH; sodium methoxide 

Na* “OCH,CH3 sodium ethoxide 

K* “OC(CHs)3 potassium tert-butoxide 


To draw any product of dehydrohalogenation: 


e Find the o carbon—the sp? hybridized carbon bonded to the leaving group. 
e Identify all B carbons with H atoms. 
e Remove the elements of H and X from the g and f carbons and form a x bond. 


For example, 2-bromo-2-methylpropane has three ß carbons (three CH; groups), but because all 
three are identical, only one alkene is formed upon elimination of HBr. In contrast, 2-bromobu- 
tane has two different B carbons (labeled B; and B), so elimination affords two constitutional iso- 
mers by loss of HBr across either the & and {, carbons, or the œ and B, carbons. We learn about 
which product predominates and why in Section 8.5. 


B 
CH 
—— P al oh, /* NaOH S B 
Three identical B C’s: | CH3—C—CHs, —_> o&C=CH, One alkene is formed. 
“Br A / 
Br H CHa 


2-bromo-2- DEPA 


S HHH 

— z8 K* -OC(CH3) 

| Two different B C’s: | H- G2 tc- -c 22, CH ;=CHCH;CH, + CH3CH=CHCH 
"i H Br N | | 


nae bı i a pa 


Two constitutional isomers are formed. 


An elimination reaction is the first step in the slow degradation of the pesticide DDT (Chapter 8 
opening paragraph and Section 7.4). Elimination of HCl from DDT forms the degradation prod- 
uct DDE (dichlorodiphenyldichloroethylene). This stable alkene is found in minute concentra- 
tion in the fatty tissues of most adults in the United States. 


OL OT 


Ys bo = a 6 
ci) 


ae DDE 


DDT 


Problem 3.1 Label the œ and ß carbons in each alkyl halide. Draw all possible elimination products formed when 
each alkyl halide is treated with K*"OC(CHs)3. 


a. CHsCHsCH,CH,CH»-Cl b. gi di c. On 
Cl 


8.2 


8.2A 


Ethylene, the simplest alkene, 
is a hormone that regulates 
plant growth and fruit ripening. 
A ripe banana speeds up the 
ripening of green tomatoes 
because the banana gives off 
ethylene. 


Figure 8.1 

Classifying alkenes by the 
number of R groups bonded 
to the double bond 
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Alkenes—The Products of Elimination Reactions 


Because elimination reactions of alkyl halides form alkenes, let’s review earlier material on 
alkene structure and learn some additional facts as well. 


Bonding in a Carbon-Carbon Double Bond 


Recall from Section 1.10B that alkenes are hydrocarbons containing a carbon-carbon double 
bond. Each carbon of the double bond is sp* hybridized and trigonal planar, and all bond angles 


are 120°. 
H H À ; 
H H @ 


ethylene | | 
sp* hybridized 


The double bond of an alkene consists of a o bond and a 7 bond. 


2p orbitals 


o 


Sea SoH 


Ha- 


F | 


| Overlap of the two sp? hybrid orbitals Overlap of the two 2p orbitals 
forms the C—C o bond. | forms the C—C x bond. 


* The o bond, formed by end-on overlap of the two sp” hybrid orbitals, lies in the plane of 
the molecule. 

e The z bond, formed by side-by-side overlap of two 2p orbitals, lies perpendicular to the 
plane of the molecule. The x bond is formed during elimination. 


Alkenes are classified according to the number of carbon atoms bonded to the carbons of the dou- 
ble bond. A monosubstituted alkene has one carbon atom bonded to the carbons of the double 
bond. A disubstituted alkene has two carbon atoms bonded to the carbons of the double bond, 
and so forth. 


R H R H R R R R 
C=C C=C, C=C. C=C 
H H R H R H R R 
monosubstituted disubstituted trisubstituted tetrasubstituted 
(one R group) (two R groups) (three R groups) (four R groups) 


Figure 8.1 shows several alkenes and how they are classified. You must be able to classify alkenes 
in this way to determine the major and minor products of elimination reactions, when a mixture 
of alkenes is formed. 


H 
CH{@H H H 
3 \2 / ZA ; 
fam 
H H H 
monosubstituted disubstituted trisubstituted 


e Carbon atoms bonded to the double bond are screened in red. 
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Problem 8.2 Classify each alkene in the following vitamins by the number of carbon substituents bonded to the 
double bond. > 


SPV Lon 


itamin A a 
“i vitamin D3 


HO" 


8.2B Restricted Rotation 


Figure 8.2 shows that there is free rotation about the carbon-carbon single bonds of butane, but 
not around the carbon-carbon double bond of 2-butene. Because of restricted rotation, two ste- 
reoisomers of 2-butene are possible. 


e The cis isomer has two groups on the same side of the double bond. 
e The trans isomer has two groups on opposite sides of the double bond. 


The concept of cis and trans "diastereomers ; 
isomers was first introduced 
for disubstituted cycloalkanes 


in Chapter 4. In both cases, a CH3 CH3 CH3 H 

ring or a double bond restricts oad — xX - oad 

motion, preventing the rotation a yy af a 

of a group from one side of 3 

the ring or double bond to the cis-2-butene trans-2-butene 

other. two R groups two R groups 
on the same side on opposite sides 


cis-2-Butene and trans-2-butene are stereoisomers, but not mirror images of each other, so they 
are diastereomers. 


Figure 8.2 
Rotation around C-C and 


ad 
Pe I m 
A 
C=C compared MA | 180° zá aia 
: criscHe Chats 7 ə rotation Sa 
butane + r 
— SSS 2 v 


anti conformation eclipsed conformation 


These conformations interconvert by rotation. 
They represent the same molecule. 


ah P 
a 2A Hoey 


ag T i CH3 = H 
Y ate CO 
H H H CH3 
cis isomer trans isomer 


These molecules do not interconvert by rotation. 
They are different molecules. 


Problem 8.3 


Problem 8.4 


The characteristic fragrance of 
lilac is a mixture of (E)-ocimene 
and other volatile ethers, 
aldehydes, and alcohols. 


8.2C 
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The cis and trans isomers of 2-butene are a specific example of a general type of stereoisomer 
occurring at carbon-carbon double bonds. Whenever the two groups on each end of a carbon- 
carbon double bond are different from each other, two diastereomers are possible. 


Stereoisomers on a C=C are possible when: 


ATD 


\ 
rails 
[x JY 


yl 
| 


These two groups must be 
different from each other... 


...these two groups must also 


be different from each other. 
For which alkenes are stereoisomers possible? 


aad e Yoo Y 


(a) Which double bonds in (E)-ocimene, a major component of the odor of lilac flowers, can exhibit 
stereoisomerism? (b) Draw a diastereomer of (E)-ocimene. 


eae P o 


and 


b. CHgCH,CH=CHCH, 


~ e.® 
TEEPE i 
¥ v v 
v v 
(E)-ocimene 


t 


Label each pair of alkenes as constitutional isomers, stereoisomers, or identical. 


a my so and ANAN a \ POV 


d. p: ad = \__/ 


and 


b. on. and POR Gor 


Stability of Alkenes 


Some alkenes are more stable than others. For example, trans alkenes are generally more sta- 
ble than cis alkenes because the groups bonded to the double bond carbons are farther apart, 
reducing steric interactions. 


| The trans isomer has the CH, groups | 
| farther away from each other. 


p 


Steric interactions of the CH} groups 
destabilize the cis isomer. 


| 
ťa wo 
i eo 


v @ 
less stable 


more stable 


The stability of an alkene increases, moreover, as the number of R groups bonded to the dou- 
ble bond carbons increases. 


| least stable | | most stable | 


CH=CH; < RCH=CH; < R,C=CH, ~ RCH=CHR < R,C=CHR < R,C=CR, 


increasing number of R groups 
Increasing stability 
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Problem 8.6 


Problem 8.7 


8.3 


R groups increase the stability of an alkene because R groups are sp? hybridized, whereas the 
carbon atoms of the double bond are sp” hybridized. Recall from Sections 1.11B and 2.5D that 
the percent s-character of a hybrid orbital increases from 25% to 33% in going from sp to sp’. 
The higher the percent s-character, the more readily an atom accepts electron density. Thus, sp” 
hybridized carbon atoms are more able to accept electron density and sp? hybridized car- 
bon atoms are more able to donate electron density. 


sp? hybridized C 
25% s-character Sa 
CH3 «—— This R group donates electron density. 


/ 
=Ç 

Pa i 

sp? hybridized C 


33% s-character «— This group accepts electron density. 


e As a result, increasing the number of electron-donating R groups on a carbon atom 
able to accept electron density makes the alkene more stable. 


Thus, trans-2-butene (a disubstituted alkene) is more stable than cis-2-butene (another disubsti- 
tuted alkene), but both are more stable than 1-butene (a monosubstituted alkene). 


AA A AS 


i-butene cis-2-butene trans-2-butene 
fewer steric interactions 


_ Increasing stability 


In summary: 
e Trans alkenes are more stable than cis alkenes because they have fewer steric 


interactions. 
e Increasing alky! substitution stabilizes an alkene by an electron-donating inductive effect. 


Which alkene in each pair is more stable? 


CH, CH, 
a ee. o a a c. CY or or 


CH3CH, CH,CH, CH3CH3 F 
v Z \ 
b. FS or PS 
H H H CHCH3 


Several factors can affect alkene stability. Explain why alkene A is more stable than alkene B even 
though both contain disubstituted carbon-carbon double bonds. 


T Q 


The Mechanisms of Elimination 


What is the mechanism for elimination? What is the order of bond breaking and bond making? 
Is the reaction a one-step process or does it occur in many steps? 


There are two mechanisms for elimination—E2 and E1—just as there are two mechanisms for 
nucleophilic substitution—Sjy2 and Syl. 


e The E2 mechanism (bimolecular elimination) 
e The E1 mechanism (unimolecular elimination) 
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The E2 and E1 mechanisms differ in the timing of bond cleavage and bond formation, analogous 
to the Sy2 and Syl mechanisms. In fact, E2 and Sy2 reactions have some features in common, as 
do El and Sy1 reactions. 


8.4 The E2 Mechanism 


The most common mechanism for dehydrohalogenation is the E2 mechanism. For example, 
(CH3)3CBr reacts with OH to form (CH3)2C=CH), via an E2 mechanism. 


qh -H | | 
\ 

| E2 reaction | CHy~G-CHs = C=CH2 + HO + Br 
Br CH3 


8.4A Kinetics 


An E2 reaction exhibits second-order kinetics; that is, the reaction is bimolecular and both the 
alkyl halide and the base appear in the rate equation. 


e rate = k[(CHa)}CBr][ OH] 


8.4B A One-Step Mechanism 


The most straightforward explanation for the second-order kinetics is a concerted reaction: all 
bonds are broken and formed in a single step, as shown in Mechanism 8.1. 


e Mechanism 8.1 The E2 Mechanism wo 
a CHH N CH3 ¢ The base “OH removes a proton from the B carbon, forming H2O 
Aal ?QH X A a (a by-product). 
CH3z—C—-CHp —— > C=CH, + H0: + :Br: _ 
i} | CH e The electron pair in the B C-H bond forms the new n bond. 
‘Br: 
“p i e The leaving group Br comes off with the electron pair in the 


newt RT C-Br bond. 


An energy diagram for the reaction of (CH3)3CBr with “OH is shown in Figure 8.3. The reaction 
has one step, so there is one energy barrier between reactants and products. Two bonds are broken 


Figure 8.3 
An energy diagram See: 
for an E2 reaction: H---OH 
CH, "= 


(CH3)3CBr + 0H > | ' 


(CH;),C=CH, + H20 + Br CHa—Ç===ĊH; = 


(CH3)3CBr 
+7~OH 
(CH3)2C=CH, + H0O +Br 
ee oe 
Reaction coordinate 


e In the transition state, the C-H and C-Br bonds are partially broken, the O-H and z bonds are 
partially formed, and both the base and the departing leaving group bear a partial negative charge. 
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The IUPAC names for DBN 
and DBU are rarely used 
because the names are 
complex. DBN stands for 
1,5-diazabicyclo[4.3.0]- 
non-5-ene, and DBU stands 
for 1,8-diazabicyclo[5.4.0]- 
undec-7-ene. 


Figure 8.4 


An E2 elimination with 
DBN used as the base 
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(C-H and C-Br) and two bonds are formed (H-OH and the z bond) in a single step, so the 
transition state contains four partial bonds, with the negative charge distributed over the base and 
the leaving group. Entropy favors the products of an E2 reaction because two molecules of start- 
ing material form three molecules of product. 


Use curved arrows to show the movement of electrons in the following E2 mechanism. Draw the 
structure of the transition state. 


-OCH,CH; 


(CH3CH2)3CBr ———————>_ (CHCH,)9C=CHCH, + HOCH,CHs + Br 


There are close parallels between the E2 and Sy2 mechanisms in how the identity of the base, the 
leaving group, and the solvent affect the rate. 


The Base 


e The base appears in the rate equation, so the rate of the E2 reaction increases as the 
strength of the base increases. 


E2 reactions are generally run with strong, negatively charged bases like “OH and “OR. Two 
strong, sterically hindered nitrogen bases, called DBN and DBU, are also sometimes used. An 
example of an E2 reaction with DBN is shown in Figure 8.4. 


. Two useful bases for E2 reactions | 


aN CA 


N N: 
ko sA 
DBN DBU 


E2 elimination | 


new r bond + Br- 


dilute acid 


eS “" “ooo 
4 


a prostaglandin —> 
(Section 19.6) 


Problem 8.9 


8.4C 
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The Leaving Group 


e Because the bond to the leaving group is partially broken in the transition state, the 
better the leaving group the faster the E2 reaction. 


Order of reactivity 
of RX: R-F R-Cl R-Br R-I 


Increasing leaving group ability 
Increasing rate of the E2 reaction 


The Solvent 


e Polar aprotic solvents increase the rate of E2 reactions. 


Because polar aprotic solvents like (CH3).C=O do not solvate anions well, a negatively charged 
base is not “hidden” by strong interactions with the solvent (Section 7.17D), and the base is 
stronger. A stronger base increases the reaction rate. 


Consider an E2 reaction between CH,CH2Br and KOC(CHs)35. What effect does each of the 
following changes have on the rate of elimination? (a) The base is changed to KOH. (b) The alkyl 
halide is changed to CH3CH2Cl. 


The Identity of the Alkyl Halide 


The Sy2 and E2 mechanisms differ in how the R group affects the reaction rate. 


e As the number of R groups on the carbon with the leaving group increases, the rate of 
the E2 reaction increases. 


ing rate of an Sy2 reaction 


This trend is exactly opposite to the reactivity of alkyl halides in Sy2 reactions, where increasing 
alkyl substitution decreases the rate of reaction (Section 7.11D). 


Why does increasing alkyl substitution increase the rate of an E2 reaction? In the transition state, 
the double bond is partially formed, so increasing the stability of the double bond with alkyl sub- 
stituents stabilizes the transition state (i.e., it lowers E,), which increases the rate of the reaction. 


s- 
un | * 
Transition state for an E2 reaction = as &— 
with an alkoxide (OR) as base | 
Spr: 


The double bond is partially formed. 


e Increasing the number of R groups on the carbon with the leaving group forms more 
highly substituted, more stable alkenes in E2 reactions. 
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Problem 8.10 


Problem 8.11 


For example, the E2 reaction of a 1° alkyl halide (1-bromobutane) forms a monosubstituted 
alkene, whereas the E2 reaction of a 3° alkyl halide (2-bromo-2-methylpropane) forms a disub- 
stituted alkene. The disubstituted alkene is more stable, so the 3° alkyl halide reacts faster than 
the 1° alkyl halide. 


ROP hy CHCH, H 
1° RX CHiCH-G>GH — jae + ROH + Br 
H Br H H 
1-bromobutane monosubstituted alkene 
less stable 
fm 
7 RO: H CHa H ph 
|3? RX | Hec1G—CH, = prs, + ROH > Br 
Br? H Oh 
2-bromo-2-methylpropane disubstituted alkene 
more stable 


Rank the alkyl halides in each group in order of increasing reactivity in an E2 reaction. 


a. (CH3)2C(Br)CHsCH2CH3 (CH3)2CHCH2CH2CH;Br (CH3)2CHCH2CH(Br)}CH3 


CH 
Cl 3 
Cl 
Om ce LO 
Cl CH, 


Table 8.2 summarizes the characteristics of the E2 mechanism, and Figure 8.5 illustrates two 
examples of E2 reactions used in the synthesis of quinine and estradiol, two naturally occurring 
compounds. 


How does each of the following changes affect the rate of an E2 reaction? 


a. tripling [RX] d. changing the leaving group from T to Br 

b. halving [B:] e. changing the base from “OH to HO 

c. changing the solvent from CH3;0H to DMSO f. changing the alky! halide from CHaCH3Br 
to (CHs)2>CHBr 


Table 8.2 Characteristics of the E2 Mechanism i | 


Characteristic Result 

Kinetics e Second order 

Mechanism e One step 

Identity of R èe More substituted halides react faster. 


e Rate: RCX > ReCHX > RCH2X 


Base Favored by strong bases 


Leaving group Better leaving group --~ faster reaction 


Solvent Favored by polar aprotic solvents 


8.5 The Zaitsev Rule 299 


Figure 8.5 
Two examples of the COOH COOH 
E2 reaction used in õi K* “OC(CHs)3 
organic synthesis (excess) C 
i DMSO N several CH,0 
/ | steps 
CgHsCO 
E2 elimination of HCI ` quinine 
antimalarial drug 
OH 
fe) Oo 
GO 
DBU 
ake 5 bayragi HCO; HCOz several 
isolated from the bark of the A steps HO 


I 
cinchona tree native to the 
Andes Mountains, is a | y estradiol 

: e , E2 elimination of HI 
powerful antipyretic —that is, a ace ae ne 
it reduces fever —and for : 
centuries, it was the only e Bonds and atoms in quinine and estradiol that originate in the alkene intermediate are shown 
effective treatment for malaria. in red. 


8.5 The Zaitsev Rule 


Recall from Section 8.1 that a mixture of alkenes can form from the dehydrohalogenation of 
alkyl halides having two or more different B carbon atoms. When this occurs, one of the prod- 
ucts usually predominates. The major product is the more stable product—the one with 
the more substituted double bond. For example, elimination of the elements of H and I from 
1-iodo-1-methylcyclohexane yields two constitutional isomers: the trisubstituted alkene A (the 
major product) and the disubstituted alkene B (the minor product). 


By 4 
| ch, S 
Ou ~ CO g” 
+ 
—B, 
1-iodo-1-methylcyclohexane : A , B 
major product minor product 
—_— — trisubstituted alkene disubstituted alkene 


This starting material has two different | 
B carbons, labeled B, and Bo. 
This phenomenon is called the Zaitsev rule (also called the Saytzeff rule, depending on the 
translation) for the Russian chemist who first noted this trend. 


e The Zaitsev rule: The major product in B elimination has the more substituted double 
bond. 


A reaction is regioselective when it yields predominantly or exclusively one constitutional 
isomer when more than one is possible. The E2 reaction is regioselective because the more 
substituted alkene predominates. 
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The Zaitsev rule results because the double bond is partially formed in the transition state for 
the E2 reaction. Thus, increasing the stability of the double bond by adding R groups lowers the 
energy of the transition state, which increases the reaction rate. For example, E2 elimination 
of HBr from 2-bromo-2-methylbutane yields alkenes C and D. D, having the more substituted 
double bond, is the major product, because the transition state leading to its formation is lower 


in energy. 
S ł 
HO---H 
“OH T Gee H Ch 
B4 C-H bond cleaved H=0=Ç=CHCH; | ==> p0 
H l H CH2CH3 
‘Brg c 
By less stable minor product 
~ CH, transition state disubstituted alkene 
I 
CHg—C—CHsCHg 
Br 
2-bromo-2-methylbutane s- TF 
---OH 
CH3 2 CH, H 
= I \ 7 
OH oh E-0H, | = cae 
Bo C-H bond cleaved Xe CH, CHa 
‘Br: H 
referred pathway D 
p P more stable major product 
transition state trisubstituted alkene 


When a mixture of stereoisomers is possible from dehydrohalogenation, the major product is 
the more stable stereoisomer. For example, dehydrohalogenation of alkyl halide X forms a 
mixture of trans and cis alkenes, Y and Z. The trans alkene Y is the major product because it is 
more stable. 


Hi Br Na*-OCH,CH p 
OHO zee Yg Ye 
HH 


/ AON 
H H H 
X 
Y. Z 
trans alkene cis alkene 
major product minor product 


A reaction is stereoselective when it forms predominantly or exclusively one stereoisomer 
when two or more are possible. The E2 reaction is stereoselective because one stereoisomer 
is formed preferentially. 


Sample Problem 8.1 Predict the major product in the following E2 reaction. 


CH2CH, 


CL -OCH;CH; 


CI 


Solution 

The alkyl halide has two different B C atoms (labeled B, and Bs), so two different alkenes are 
possible: one formed by removal of HC! across the a and B, carbons, and one formed by removal 
of HCI across the œ and p; carbons. Using the Zaitsev rule, the major product should be A, 
because it has the more substituted double bond. 


Be 


two different B carbons 


Problem 8.12 


8.6 


8.6A 


8.6B 
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\ GHCHs 
CHCH; H CHCH; 
i trisubstituted alkene 
~ie] [-HCl] A major product 
oe ert. 
rt disubstituted alkene 
Boy j ‘Cl [-HCl] B minor product 
—— 


What alkenes are formed from each alkyl halide by an E2 reaction? Use the Zaitsev rule to predict 
the major product. 


CHa 
Giat CH3 Cl Cl 
a. CH3—-C—C—CH,CHg b. Br C: pe = d. 
| | CH 
H Br 
CH, CHa 


The E1 Mechanism 


The dehydrohalogenation of (CH3)3CI with H,O to form (CH3),C=CH, can be used to illustrate 
the second general mechanism of elimination, the E1 mechanism. 


ÇH H20 CH; 
| E1 reaction | CH3-¢-CH; == aCHe + HOt + T 
I CH3 


Kinetics 


An E1 reaction exhibits first-order kinetics. 
e rate = k[(CH3)3CI] 


Like the Syl mechanism, the kinetics suggest that the reaction mechanism involves more than 
one step, and that the slow step is unimolecular, involving only the alkyl halide. 


A Two-Step Mechanism 


The most straightforward explanation for the observed first-order kinetics is a two-step reaction: the 
bond to the leaving group breaks first before the x bond is formed, as shown in Mechanism 8.2. 


e Mechanism 8.2 The E1 Mechanism 


Step [1] The C-I bond is broken. 


a 
CH3- i ri: 


CH3 


slow 


CH3 ¢ Heterolysis of the C -I bond forms an intermediate 
‘C-CHg + TTF carbocation. This is the same first step as the Sy1 
CH, + ? mechanism. It is responsible for the first-order kinetics 


because it is rate-determining. 
carbocation 


Step [2] A C-H bond is cleaved and the x bond is formed. 


CH Hö: 
KS i, 20 
gre 2 aa 


¢ A base (such as H20 or T) removes a proton from a carbon 


CH 
—_ + HOt adjacent to the carbocation (a B carbon). The electron pair 
eit 2 , in the C-H bond is used to form the new x bond. 
3 
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Problem 8.13 


Figure 8.6 

Energy diagram 

for an E1 reaction: 
(CHg)3CI + H2O => 
(CH3)2C = CH2 + H30* +I 


The El and E2 mechanisms both involve the same number of bonds broken and formed. The 
only difference is the timing. 


e In an E1 reaction, the leaving group comes off before the B proton is removed, and the 
reaction occurs in two steps. 

e In an E2 reaction, the leaving group comes off as the B proton is removed, and the 
reaction occurs in one step. 


An energy diagram for the reaction of (CH3)3CI + H,O is shown in Figure 8.6. Each step has its 
own energy barrier, with a transition state at each energy maximum. Because its transition state 
is higher in energy, Step [1] is rate-determining. AH” for Step [1] is positive because only bond 
breaking occurs, whereas AH® of Step [2] is negative because two bonds are formed and only 
one is broken. 


Draw an E1 mechanism for the following reaction. Draw the structure of the transition state for each 
step. 
+ 
(CHg)2C(CIJCHsCH, + CHOH ——*  (CHg)2C=CHCHg + CHgOH> + CIT 


transition state 
Step [1] 


s 3 |F t 
(CH),C---1: GH H 
- CH;—C===C—H transition state 
ex 1 BF Step [2] 


EN go Ss LE 
(CH,),C* 


AH*{1) 


(CH,)3CI AH*[2] 


(CH3)2C=CH3 + H,O* +r 


Reaction coordinate 


e Since the E1 mechanism has two steps, there are two energy barriers. 
¢ Step [1] is rate-determining. 


8.6C 


Increasing alkyl substitution 
has the same effect on the rate 
of both an E1 and E2 reaction; 
increasing rate of the E1 and 
E2 reactions: RCH»X (1°) < 
R2CHX (2°) < RCX (8°). 
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Other Characteristics of E1 Reactions 
Three other features of E1 reactions are worthy of note. 


[1] The rate of an E1 reaction increases as the number of R groups on the carbon with the 
leaving group increases. 


Increasing rate of an E 
RCH,—X 
T 
+ + 
RCH RoCH RC 
1° 2 3” 


Like an Syl reaction, more substituted alkyl halides yield more substituted (and more stable) 
carbocations in the rate-determining step. Increasing the stability of a carbocation, in turn, 
decreases EF, for the slow step, which increases the rate of the E1 reaction according to the Ham- 
mond postulate. 


[2] Because the base does not appear in the rate equation, weak bases favor E1 reactions. 
The strength of the base usually determines whether a reaction follows the E1 or E2 mechanism. 


e Strong bases like “OH and “OR favor E2 reactions, whereas weaker bases like H20 and 
ROH favor E1 reactions. 


[3] E1 reactions are regioselective, favoring formation of the more substituted, more stable 
alkene. 


The Zaitsev rule applies to E1 reactions, too. For example, E1 elimination of HBr from 1-bromo- 
1-methylcyclopentane yields alkenes A and B. A, having the more substituted double bond, is 
the major product. 


Be 
Nou 
2 . H,O oy” ae 
o ‘o + 
—f, 
A B 
1-bromo-1-methyl- trisubstituted alkene disubstituted alkene 
cyclopentane major product minor product 


two different B carbons 
labeled B, and Bo 


Table 8.3 summarizes the characteristics of E1 reactions. 


Table 8.3 Characteristics of the E1 Mechanism a | 


Characteristic Result 

Kinetics e First order 

Mechanism e Two steps 

Identity of R e More substituted halides react faster. 


Rate: RCX > ReaCHX > RCH2X 
Favored by weaker bases such as H2O and ROH 


Base 


A better leaving group makes the reaction faster because the bond to 
the leaving group is partially broken in the rate-determining step. 


Leaving group 


Solvent Polar protic solvents that solvate the ionic intermediates are needed. 
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Problem 8.14 What alkenes are formed from each alkyl halide by an E1 reaction? Use the Zaitsev rule to predict 


Problem 8.15 


8.7 


Sample Problem 8.2 


the major product. 


GH CH,CH,CHg 
a. CHCH- 0-CHCHa b. CH3 
Cl I 


How does each of the following changes affect the rate of an E1 reaction? 


a. doubling [RX] d. changing the leaving group from CI to Br 
b. doubling [B:] e. changing the solvent from DMSO to CHOH 
c. changing the halide from (CH3)3CBr 

to CH3;CH2CH.Br 


Sn1 and E1 Reactions 


Syl and E1 reactions have exactly the same first step—formation of a carbocation. They 
differ in what happens to the carbocation. 


Sy1 |] | 
A nucleophile attacks ji Ç ea — 
a carbocation. N 
H Sy H Nu 
?Nu7 


| same intermediate 


E | | 
| A base attacks a B proton. i. F) 
H 


ee 


RO= 
Y 
g 
lI 
Aie 
+ 
T 
W 
+ 


e Inan Sy1 reaction, a nucleophile attacks the carbocation, forming a substitution product. 
e In an E1 reaction, a base removes a proton, forming a new bond. 


The same conditions that favor substitution by an Syl mechanism also favor elimination by an 
El mechanism: a 3° alkyl halide as substrate, a weak nucleophile or base as reagent, and a polar 
protic solvent. As a result, both reactions usually occur in the same reaction mixture to afford a 
mixture of products, as illustrated in Sample Problem 8.2. 


Draw the Sy1 and E1 products formed in the reaction of (CHs)3CBr with H20. 


Solution 
The first step in both reactions is heterolysis of the C- Br bond to form a carbocation. 


CH3 CH3 
CHa-0-78r: ————— YCH, + Èr 

4 slow / 

H3 CH3 


carbocation 
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Reaction of the carbocation with H2O as a nucleophile affords the substitution product 
(Reaction [1]). Alternatively, H2O acts as a base to remove a proton, affording the elimination 
product (Reaction [2]). Two products are formed. 


CH3 ÇH W a Gs 
\ oe p2 oe o 
[1] ECH; + Hö: ——> CHy-C-O:* ——> —CHe-C-GH + Hö 
CH H proton 
$ — CH, transfer Chh 
| nucleophile Sy1 product 
— A 
CH; H + HÖ: CHa 
AR gyl \ a 
[2] CCH — (C=CH, + Hö 
CHa M a CH, 
| baze | E1 product 


Because E1 reactions often occur with a competing Sy1 reaction, E1 reactions of alkyl halides 
are much less useful than E2 reactions. 


Problem 8.16 Draw both the Sy1 and E1 products of each reaction. 


CH3 
Br ÇHs 
a. aa s === b. CHa—=Ç-CH2CH2CH3 + CH3;CH,0H ——> 
Cl 


8.8 Stereochemistry of the E2 Reaction 


Although the E2 reaction does not produce products with tetrahedral stereogenic centers, its tran- 
sition state consists of four atoms that react at the same time, and they react only if they possess 
a particular stereochemical arrangement. 


8.8A General Stereochemical Features 


The transition state of an E2 reaction consists of four atoms from the alkyl halide—one hydro- 
gen atom, two carbon atoms, and the leaving group (X)—all aligned in a plane. There are two 
ways for the C-H and C-X bonds to be coplanar. 


m X A Sy 
se-C,, ior i 
P i R Y Sa 
H and X are on the same side. H and X are on opposite sides. 
(syn perlplanar | | anti periplanar | 

The dihedral angle for the e The H and X atoms can be oriented on the same side of the molecule. This geometry is 
C-H and C -X bonds equals called syn periplanar. 
0° for the syn periplanar e The H and X atoms can be oriented on opposite sides of the molecule. This geometry 
arrangement and 180° for the is called anti periplanar. 


anti periplanar arrangement. 
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Figure 8.7 


Two possible geometries 


for the E2 reaction 


Problem 8.17 


Problem 8.18 


8.8B 


All evidence suggests that E2 elimination occurs most often in the anti periplanar geometry. 
This arrangement allows the molecule to react in the lower energy staggered conformation. It 
also allows two electron-rich species, the incoming base and the departing leaving group, to be 
farther away from each other, as illustrated in Figure 8.7. 


—— 
An anti periplanar arrangement has a : A syn periplanar arrangement has an 
staggered conformation. | eclipsed conformation. 


! Two electron-rich groups | e Two electron-rich groups p 
are far apart. are close. T 
== Se | (ae 
; Fon 
d 
2 
base ’ 
base @ ` we d 


preferred geometry 


Anti periplanar geometry is the preferred arrangement for any alkyl halide undergoing E2 
elimination, regardless of whether it is cyclic or acyclic. This stereochemical requirement has 
important consequences for compounds containing six-membered rings. 


Draw the anti periplanar geometry for the E2 reaction of (CH)2CHCH2Br with base. Then draw the 
product that results after elimination of HBr. 


Given that an E2 reaction proceeds with anti periplanar stereochemistry, draw the products of each 
elimination. The alkyl halides in (a) and (b) are diastereomers of each other. How are the products of 
these two reactions related? Recall from Section 3.2A that CgHs— is a phenyl group, a benzene ring 
bonded to another group. 


H 
H 
| 
mC Ces ~ 
ap Cag Gs ters OCH2CHg b. CeHs" yC. oCeHs  -OCH,CHa 


Cs ICH ~H 
6''5 Br CH3 br 


Anti Periplanar Geometry and Halocyclohexanes 


Recall from Section 4.13 that cyclohexane exists as two chair conformations that rapidly inter- 
convert, and that substituted cyclohexanes are more stable with substituents in the roomier 
equatorial position. Thus, chlorocyclohexane exists as two chair conformations, but X is pre- 
ferred because the Cl group is equatorial. 


H equatorial 
Lo = An 
oye arial 


more stable less stable 
X Y 
chlorocyclohexane 


For E2 elimination, the C- CI bond must be anti periplanar to a C-H bond on a B carbon, 
and this occurs only when the H and Cl atoms are both in the axial position. This requirement 
for trans diaxial geometry means that E2 elimination must occur from the less stable conforma- 
tion Y, as shown in Figure 8.8. 
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Figure 8.8 ‘Conformation X (equatorial Cl): Conformation Y (axial Cl): 


The trans diaxial geometry 
for the E2 elimination in see Se 


two equivalent ——> H ‘B 
chlorocyclohexane H/P carbon axial H’ H 5 
Cl 


; H 
H Koe _— —_ we This conformation reacts. 


X Y 


no reaction with this conformation | The H and Clare trans diaxial. 


f 
O 


¢ In conformation X (equatorial CI group), a B C-H bond and a C-Cl bond are never anti 
periplanar; therefore, no E2 elimination can occur. 

e In conformation Y (axial Cl group), a P C-H bond and a C-Cl bond are trans diaxial; therefore, 
E2 elimination occurs. 


Sometimes this rigid stereochemical requirement affects the regioselectivity of the E2 reaction of 
substituted cyclohexanes. Dehydrohalogenation of cis- and trans-1-chloro-2-methylcyclohexane 
via an E2 mechanism illustrates this phenomenon. 


oq Cl 
ii $i 


CH3 
cis-1-chloro-2-methyl- trans-1-chloro-2-methyl- 
cyclohexane cyclohexane 


The cis isomer exists as two conformations (A and B), each of which has one group axial and one 
group equatorial. E2 reaction must occur from conformation B, which contains an axial Cl atom. 


axial i 
| cis isomer Sak aiai Cl<— axial 


3 
5 H 
Cl i CH3<— equatorial 
Ay 


H 
B 


This conformation reacts. 


Because conformation B has two different axial B H atoms, labeled H, and Hy, E2 reaction 
occurs in two different directions to afford two alkenes. The major product contains the more 
stable trisubstituted double bond, as predicted by the Zaitsev rule. 


-H,Cl 
| | Ln _ disubstituted alkene 
Cl as minor product 
CHa 
H 
CH, 


H 
axial Hp 
Two B axial H's B = ; i 
Both H’s can react. [-H,c! | LL, ou po a 
3 
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The trans isomer exists as two conformations, C, having two equatorial substituents, and D, 
having two axial substituents. E2 reaction must occur from conformation D, which contains an 
axial Cl atom. 


| trans isomer | H axial. CH, 
CH, equatorial =— X H 
ä Cl-— axial 
c D 


This conformation reacts. | 


Because conformation D has only one axial B H, E2 reaction occurs in only one direction to 
afford a single product, having the disubstituted double bond. This is not predicted by the Zait- 
sev rule. E2 reaction requires H and Cl to be trans and diaxial, and with the trans isomer, this is 
possible only when the less stable alkene is formed as product. 


| Only one ß axial H 
CH H Only this H can react. 
3 se 


CH 
' {A 
7 [Hel] CH 


D 1 Cl 3 
torial disubstituted alkene 
egquatona only product 


This H does not react. 


e In conclusion, with substituted cyclohexanes, E2 elimination must occur with a 
trans diaxial arrangement of H and X, and as a result of this requirement, the more 
substituted alkene is not necessarily the major product. 


Sample Problem 8.3 Draw the major E2 elimination product formed from the following alkyl halide. 


Cl 


.* 


Solution 

To draw the elimination products, locate the B carbons and look for H atoms that are trans to the 
leaving group. The given alkyl chloride has two different B carbons, labeled B; and By». Elimination 
can occur only when the leaving group (Cl) and a H atom on the B carbon are trans. 


as 
, Cl Cl 


a o -HCI 
— B; E2 elimination occurs. By 
By H 
two different B carbons H (on B;) and Cl are trans. disubstituted alkene 


only product 


E2 elimination 


H (on Bo) and Cl are cis. cannot occur. The trisubstituted alkene 
is not formed. 


Problem 8.19 


Problem 8.20 


8.9 


Problem 8.21 
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Since the B; C has a H atom trans to Cl, E2 elimination occurs to form a disubstituted alkene. 
Since there is no trans H on the B» C, E2 elimination cannot occur in this direction, and the more 
stable trisubstituted alkene is not formed. Although this result is not predicted by the Zaitsev rule, 
it is consistent with the requirement that the H and X atoms in an E2 elimination must be located 
trans to each other. 


Draw the major E2 elimination products from each of the following alkyl halides. 


«CH(CHsg)5 s CH(CHa)2 
S -OH -OH 
a. kain b. —— 
tin, CH CI 


3 


Explain why cis-1-chloro-2-methylcyclohexane undergoes E2 elimination much faster than its trans 
isomer. 


When Is the Mechanism E1 or E2? 


Given a particular starting material and base, how do we know whether a reaction occurs by the 
El or E2 mechanism? 


Because the rate of both the El and E2 reactions increases as the number of R groups on the 
carbon with the leaving group increases, you cannot use the identity of the alkyl halide to decide 
which elimination mechanism occurs. This makes determining the mechanisms for substitution 
and elimination very different processes. 


¢ The strength of the base is the most important factor in determining the mechanism for 
elimination. Strong bases favor the E2 mechanism. Weak bases favor the E1 mechanism. 


Table 8.4 compares the E1 and E2 mechanisms. 


Which mechanism, E1 or E2, will occur in each reaction? 


G(CHs)3 


| 
a. CHa—C-CHs + “OCH, —> c. + CH,OH —> 
CI 


I 
b. Cy + H20 e d. CH3CH,Br + “OC(CH3)3 === 
Table 8.4 A Comparison of the E1 and E2 Mechanisms E 


Mechanism Comment 
E2 mechanism e Much more common and useful 
e Favored by strong, negatively charged bases, especially “OH 
and “OR 


e The reaction occurs with 1°, 2°, and 3° alkyl halides. Order of 
reactivity: RgCX > ReCHX > RCH2X. 
E1 mechanism e Much less useful because a mixture of Syt and E1 products 
usually results 
e Favored by weaker, neutral bases, such as H2O and ROH 
© This mechanism does not occur with 1° RX because they form 
highly unstable 1° carbocations. 


310 Chapter 8 Alkyl Halides and Elimination Reactions 


8.10 E2 Reactions and Alkyne Synthesis 


A single elimination reaction produces the = bond of an alkene. Two consecutive elimination 


Recall from Section tel Cosa reactions produce the two 7 bonds of an alkyne. 


the carbon-carbon triple bond 


of alkynes consists of one o and 1 [ 7 
two m bonds, | Wi | Alkyne 
i a 
C=6 —C=C— 
Pa | 
one n bond two m bonds 
One elimination reaction Two elimination reactions 
is needed. are needed. 


e Alkynes are prepared by two successive dehydrohalogenation reactions. 


Two elimination reactions are needed to remove two moles of HX from a dihalide as substrate. 
Two different starting materials can be used. 


H H H |x 
bal | 
aP = ee 
x) Hk 
vicinal dihalide geminal dihalide 


=. e A vicinal dihalide has two X atoms on adjacent carbon atoms. 


The word geminal comes from e A geminal dihalide has two X atoms on the same carbon atom. 
the Latin geminus, meanin P : a i 
tih I 9 Equations [1] and [2] illustrate how two moles of HX can be removed from these dihalides with 


base. Two equivalents of strong base are used and each step follows an E2 mechanism. 


\Vicinal sie) i, ew 
R ry! 2 


H_H 
l E2 \ E2 
R- ~¢4¢-R —— 0-6 = ROCER 
1 | Ty % 
X xX» X R 
vinyl halide 


Remove one mole of HX. | Remove a second mole of HX. 
|Geminal dihalide| ©. 
{ :NH3 HX R 


X 
AS 
ry! E2 C= E2 
me (Nie fe — A N = gi ee 
[2] R-Ç7Ç-R Fa aa R-C=C-R 
H X :NH3 
vinyl halide 


; Stronger bases are needed to synthesize alkynes by dehydrohalogenation than are needed to 
The relative strength of C-H 


amena 0 ita synthesize alkenes. The typical base is amide ((NH,), used as the sodium salt NaNH, (sodium 
hybridization of the carbon amide). KOC(CH;); can also be used with DMSO as solvent. Because DMSO is a polar aprotic 
atom: sp > sp? > sp?. For solvent, the anionic base is not well solvated, thus increasing its basicity and making it strong 
more information, review enough to remove two equivalents of HX. Examples are given in Figure 8.9. 

Section 1.11B. 


The strongly basic conditions needed for alkyne synthesis result from the difficulty of removing 
the second equivalent of HX from the intermediate vinyl halide, RCH=C(R)X. Since H and X 
are both bonded to sp” hybridized carbons, these bonds are shorter and stronger than the sp? 
hybridized C-H and C-X bonds of an alkyl halide, necessitating the use of a stronger base. 


Figure 8.9 


Examples of 
dehydrohalogenation 
of dihalides to afford alkynes 


Problem 8.22 


8.11 
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H Cl Na* “NH2 
| | (2 equiv) 
rm) eo Us 
HC -2 HCI 
two new z bonds 


CHH H K* “OC(CHs3)3 
ott, eee 
4 i 7 | DMSO 


| 
CHy—G—-C=C—-H 


CH, Br Br |-2 EIE | CH; 


Draw the alkynes formed in each reaction. Two equivalents of each base are used. 
CI Cl Br 


I 5i I “NH 
a. ( )-¢-¢-cr,0H Ne c. CHs-C-CH;CH; — 

H H Br 

Br 
KOC(CHs)3 -NH2 
b. CHgCH»CH,CHCl ————» d. — 
DMSO l 
r 


When Is the Reaction Sy1, $,y2, E1, or E2? 


We have now considered two different kinds of reactions (substitution and elimination) and four 
different mechanisms (Syl, Sy2, El, and E2) that begin with one class of compounds (alkyl 
halides). How do we know if a given alkyl halide will undergo substitution or elimination with a 
given base or nucleophile, and by what mechanism? ` 


Unfortunately, there is no easy answer, and often mixtures of products result. Two generalizations 
help to determine whether substitution or elimination occurs. 


[1] Good nucleophiles that are weak bases favor substitution over elimination. 


Certain anions generally give products of substitution because they are good nucleophiles but 
weak bases. These include: I, Br’, HS’, “CN, and CH;COO™. 


CH,CHo-Br + 37 MM CHCH- + Br 
3 A7 î CH,OH 3 2 ve 


good nucleophile 
weak base 


| substitution 


[2] Bulky, nonnucleophilic bases favor elimination over substitution. 


KOC(CHs3)3, DBU, and DBN are too sterically hindered to attack a tetravalent carbon, but are 
able to remove a small proton, favoring elimination over substitution. 


H 
l wa 
ih a i ——-_ CH=CH; aE (CH3)3COH E KBr 
gon 
K+ ÖC(CHa)s i 
strong, nonnucleophilic base — elimination 
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Most often, however, we will have to rely on other criteria to predict the outcome of these reac- 
tions. To determine the product of a reaction with an alkyl halide: 


[1] Classify the alkyl halide as 1°, 2°, or 3°. 
[2] Classify the base or nucleophile as strong, weak, or bulky. 


Predicting the substitution and elimination products of a reaction can then be organized by the 
type of alkyl halide, as shown in Figure 8.10. 


Figure 8.10 Determining whether an alkyl halide reacts by an Sy1, Sy2, E1, or E2 mechanism 


[1] 3° Alkyl halides (R3CX react by all mechanisms except Sy2.) 


e With strong bases 


e With weak nucleophiles 
or bases 


Elimination occurs by an E2 mechanism. 
Rationale: A strong base or nucleophile favors an Sy2 or E2 mechanism, but 3° halides are too 
sterically hindered to undergo an Sy2 reaction, so only E2 elimination occurs. 


Example: Ch HAEN CH3 
oe X S 
CH;—C-+CH, + “ÖH C=CHp 
| x E2 CH3 
Br ~ t == 
| strong base E2 product 


elimination only 


A mixture of Sy1 and E1 products results. 
Rationale: A weak base or nucleophile favors Sy1 and E1 mechanisms, and both occur. 


Example: CHa CHs CH3 
\ 
CH G—CHg a HO a CH3—G—CHs T f=CHe 
Br j OH CH3 
eS ahile SN product E1 product 
weak nucleophile 


and base substitution and elimination 


[2] 1° Alkyl halides (RCH,X react by S,2 and E2 mechanisms.) 


e With strong nucleophiles 


e With strong, sterically 
hindered bases 


Substitution occurs by an S,2 mechanism. 
Rationale: A strong base or nucleophile favors Sy2 or E2, but 1° halides are the least reactive 
halide type in elimination; therefore, only an Sy2 reaction occurs. 


Example: HH H H 
L | Sy2 L | 
H-G-G-Br ce Ap = H-Ç-Ç-OH 
H H ie aa, H H 
strong | Sy2 product 
nucleophile 


— substitution only 


Elimination occurs by an E2 mechanism. 
Rationale: A strong, sterically hindered base cannot act as a nucleophile, so elimination occurs 
and the mechanism is E2. 


Example: H 
H- CJOMEpI —> CH=CH; 
Fain E2 product 


K* :OC(CHa)a elimination only 


| strong, sterically | 
| hindered base _ 
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[3] 2° Alkyl halides (R2CHX react by all mechanisms.) 


e With strong bases and e A mixture of Sy2 and E2 products results. 
nucleophiles e Rationale: A strong base that is also a strong nucleophile gives a mixture of Sy2 and E2 products. 
e Example: Br OH 


Sy2 product E2 product 
| strong base and 


nucleophile substitution and elimination 
e With strong, sterically e Elimination occurs by an E2 mechanism. 
hindered bases e Rationale: A strong, sterically hindered base cannot act as a nucleophile, so elimination 


occurs and the mechanism is E2. 


e Example: Br 
es F Kt ~OC(CH3)3 = ae Q 


m = 


= z E2 product 
strong, sterically 
hindered base elimination only 


e With weak nucleophiles e A mixture of Sy1 and E1 products results. 
or bases e Rationale: A weak base or nucleophile favors Sy1 and E1 mechanisms, and both occur. 
e Example: 
Br OH 
O ww O 
iA i = Sy1 product E1 product 
_ weak nucleophile substitution and elimination 


| and base 


Sample Problems 8.4-8.6 illustrate how to apply the information in Figure 8.10 to specific alkyl 
halides. 


Sample Problem 8.4 Draw the products of the following reaction. 


C(CHs)g 
Br 


+ H,O 


Solution 

[1] Classify the halide as 1°, 2°, or 3° and the reagent as a strong or weak base (and nucleophile) 
to determine the mechanism. In this case, the alky! halide is 3° and the reagent (H20) is a weak 
base and nucleophile, so products of both Sy1 and E1 mechanisms are formed. 


[2] To draw the products of substitution and elimination: 


Sy1 product E1 product 
Substitute the nucleophile (H20) for the leaving group (Br), Remove the elements of H and Br from the «a and B carbons. 
and draw the neutral product after loss of a proton. There are two identical B C atoms with H atoms, so only one 


elimination product is possible. 


B 
C(CHs)3 O(CHs)s | c(CHa)s 


OH o_C(CHa)3 
+ H0O ——> Br + Ho — 
j -p base B 


leaving group nucleophile Sil product E1 product 
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Sample Problem 8.5 Draw the products of the following reaction. 


O + CH,07 
CH,OH 
Solution 


[1] Classify the halide as 1°, 2°, or 3° and the reagent as a strong or weak base (and nucleophile) 
to determine the mechanism. In this case, the alkyl halide is 2° and the reagent (CH30) is a 
strong base and nucleophile, so products of both Sy2 and E2 mechanisms are formed. 


[2] To draw the products of substitution and elimination: 


Sy2 product E2 product 


Substitute the nucleophile (CH30) for the leaving group (Br). Remove the elements of H and Br from the œ and B carbons. 
There are two identical B C atoms with H atoms, so only one 
elimination product is possible. 


—___ 
Ler + CHO? ——— CO ion, B 
ý i | 
nucleophile Sy2 product 
| == (er 
a , G L b 
p B 


<a H 


CH,0: E2 product 


Sample Problem 8.6 Draw the products of the following reaction, and include the mechanism showing how each 
product is formed. 


i. 
CHgCH,-C-CH, + CHOH 


Br 


Solution 

[1] Classify the halide as 1°, 2°, or 3° and the reagent as a strong or weak base (and nucleophile) to 
determine the mechanism. In this case, the alkyl halide is 3° and the reagent (CH3OH) is a weak 
base and nucleophile, so products of both Sy1 and E1 mechanisms are formed. 


[2] Draw the steps of the mechanisms to give the products. Both mechanisms begin with the 
same first step: loss of the leaving group to form a carbocation. 


Crs Hs 
CHaCH2- -CH3 y CH3CH2-G+ $ Br 
CBr CHg 
carbocation 


® For Sy1: The carbocation reacts with a nucleophile. Nucleophilic attack of CHOH on the 
carbocation generates a positively charged intermediate that loses a proton to afford the 
neutral Sy1 product. 
fs CH; GHs + 
CHgCH2—C+ ——— CHgCHa—G—CHsg ——— CHCH; -Ç-CH3 + CH3QH> 


nucleophilic pr proton : 
CH; attack (9-CHs transfer ?Q-CHg 
CH30H @rH Sy1 product 
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e For E1: The carbocation reacts with a base (CH3OH or Br’). Two different products of 
elimination can form because the carbocation has two different B carbons. 


By 
ae (CH, Hy pie : 
Proton removal CH,CH>-C+ ——— G=C + CHgQH. 
from the By Cc 14 ‘CH / \ a 
on H 3 H CHa 
CH,OH E1 product 
CH. H 
CHa % / + 
CH,CH,—C+ > C=C + CH3QH> 
Proton removal N a 
from the B. C (Che CH3CH, H 
oH 8 
CH,OH 2 E1 product 


In this problem, three products are formed: one from an Sy1 reaction and two from E1 reactions. 


Problem 8.23 Draw the products in each reaction. 


HCH, 
I CHCH OH 
a ANANASA K* “OC(CHs3)3 a ie 
H CH,CH,07 
l -OH 3V2 
b. CHa-Ċ-CH;CH; —— d. dba -E 
Cl Cl 


Problem 8.24 Draw a stepwise mechanism for the following reaction. 
CH; CH, 


CH, 
tL CHOH . Tm ” X jas 
CH3 CH3 CH3 
KEY CONCEPTS d O 


Alkyl Halides and Elimination Reactions 


A Comparison Between Nucleophilic Substitution and B Elimination 
Nucleophilic substitution —A nucleophile attacks a carbon atom (7.6). 


p | 
substitution good 
product leaving group 
B Elimination—A base attacks a proton (8.1). 
B 
I |; N; 
=E5G—= —— C=C + H-Bt + XD 
bt i % 
elimination good 
product leaving group 
Similarities Differences 
e In both reactions RX acts as an electrophile, reacting with e In substitution, a nucleophile attacks a single carbon atom. 
an electron-rich reagent. 
e Both reactions require a good leaving group X: that can e In elimination, a Bronsted~Lowry base removes a proton to 


accept the electron density in the C -X bond. form am bond, and two carbons are involved in the reaction. 
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The Importance of the Base in E2 and E1 Reactions (8.9) 


The strength of the base determines the mechanism of elimination. 
e Strong bases favor E2 reactions. 
e Weak bases favor E1 reactions. 


strong base © 


=e CHa 
\ 
C=CH, + HO + Br 
= CH, 
CH, 3 : 
CH _é-cu “a Same product, 
a) 3 wl different mechanism 
Br CHa —— z 


. weak base CH3 


E1 
E1 and E2 Mechanisms Compared 
E2 mechanism 

Mechanism e One step (8.4B) ° 
Alkyl halide e Rate: RCX > ReCHX > RCH2X (8.4C) ° 
Rate equation e Rate = k[RX][B:] ° 

e Second-order kinetics (8.4A) ° 
Stereochemistry e Anti periplanar arrangement of H and X (8.8) ° 
Base e Favored by strong bases (8.4B) ° 
Leaving group e Better leaving group --> faster reaction ° 

(8.4B) 

Solvent e Favored by polar aprotic solvents (8.4B) ° 
Product e More substituted alkene favored (Zaitsev rule, 8.5) e 


Summary Chart on the Four Mechanisms: S1, Sy2, E1, or E2 


Alkyl halide type Conditions Mechanism 


1° RCH2X 


strong nucleophile 


strong bulky base 
2° RoCHX strong base and nucleophile -->  Sp2 + E2 
strong bulky base =--> E2 


weak base and nucleophile --> Sy1+E1 


3° RCX weak base and nucleophile --> Sy1+E1 


strong base --> E2 


x 
jO=CH, + HOt + Br 


E1 mechanism 


Two steps (8.6B) 

Rate: RCX > ReCHX > RCH>X (8.6C) 

Rate = k[RX] 

First-order kinetics (8.6A) 

Trigonal planar carbocation intermediate (8.6B) 
Favored by weak bases (8.6C) 


Better leaving group --~ faster reaction 
(Table 8.3) 


Favored by polar protic solvents (Table 8.3) 
More substituted alkene favored (Zaitsev rule, 8.6C) 
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PROBLEMS O 


Problems Using Three-Dimensional Models 
8.25 Rank the alkenes shown in the ball-and-stick models (A-C) in order of increasing stability. 


a 
dg Ta 185%, & y ag 


ie 
ey og 2 Rigo 
wy | e EA ee gos ‘nd 
“Sf e9%vo “ee 3° T 
w v v 
D E 


8.27 What is the major E2 elimination product formed from each alkyl halide? 


y 
“a @ 
sè. é ® č o 
a , , i b. A @ @ 
636 “2"@. @ @ 
vi 3 @ Ze oe 
~@. 
~ 
“@. 
v 


Genera! Elimination 
8.28 Draw all possible constitutional isomers formed by dehydrohalogenation of each alkyl halide. 


Br ÇHs I 
a. CH3CH,CHs,CH,CH2CH,Br b. Pe Peg? c. CH3CH2ÇHCHCH3 d. 


Cl 


8.29 What alkyl halide forms each of the following alkenes as the only product in an elimination reaction? 


CH2 C(CH3)s 
a. CHs=CHCH,CH,CH, b. (CHs)>CHCH=CH, c. d. e. 
CH; 


Ailkenes 


8.30 Which double bonds in the following natural products can exhibit stereoisomerism? Nerolidol is isolated from the Angel’s 
trumpet plant, and caryophyllene is present in hemp. 


S 


a. ~~ Ne 5i b. A 


nerolidol 


caryophyllene 
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8.31 Label each pair of alkenes as constitutional isomers, stereoisomers, or identical. 


CH3 CH, 
5 CY + CY of PES and \/ 
m ri 
CHCH CHa CHCH 7 CHCH; SoH, a 
b. pa and pac d. and 
CH, CHCH; CH, CHs 
CH, CHa 


8.32 PGF» is a prostaglandin, a group of compounds that are responsible for inflammation (Section 19.6). (a) How many tetrahedral 
stereogenic centers does PGF2,, contain? (b) How many double bonds can exist as cis and trans isomers? (c) Considering both 
double bonds and tetrahedral stereogenic centers, what is the maximum number of stereoisomers that can exist for PGF>,? 


OH 
CH,CH=CH(CH,),COOH 


HO CH=CHCH(OH)(CH2)4CHs 
PGFo, 


8.33 Rank the following alkenes in order of increasing stability: CHy>=C(CH3)CHsCH3, CHa=CHCH(CHs)2, and (CH3)2>C=CHCHs. 


8.34 AH? values obtained for a series of similar reactions are one set of experimental data used to determine the relative stability of 
alkenes. Explain how the following data suggest that cis-2-butene is more stable than 1-butene (Section 12.3A). 


CH =CHCH;CH3 T H2 i CH3CH2CH2CH3 AH? ==127 kJ/mol 
1-butene 
CH (CHa 
\ 
C=C + H ——* CHjCH,CH,CH, AH? =-120 kJ/mol 


H H 
cis-2-butene 


E2 Reaction 
8.35 Draw all constitutional isomers formed in each E2 reaction and predict the major product using the Zaitsev rule. 


Qi (CH,)3CO- I PAs -OH ste tia A -OH 
a. = C. oe e. l —-* 


“OC(CHs)s Br 0g 


DBU 
ee CL fails 7 7 dii dadi 
Cl 
(0) O 


8.36 For each of the following alkenes, draw the structure of two different alkyl halides that yield the given alkene as the only product 
of dehydrohalogenation. 


a. (CH,)sC=CH, b. K jaon c. . 


8.37 Explain why (CH3)2CHCH(Br)\CH2CHsg reacts faster than (CH3)2>CHCH,CH(Br)CH3 in an E2 reaction, even though both alkyl 
halides are 2°. 
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8.38 Consider the following E2 reaction. 
“OC(CHg)g 


POR ey i a 
Br (CH,)3COH ag 


a. Draw the by-products of the reaction and use curved arrows to show the movement of electrons. 

b. What happens to the reaction rate with each of the following changes? [1] The solvent is changed to DMF. 
[2] The concentration of "OC(CHs)3 is decreased. [3] The base is changed to “OH. [4] The halide is changed to 
CH3gCH2CHsCHsCH(Br)CHs. [5] The leaving group is changed to T. 


8.39 Dehydrohalogenation of 1-chloro-1-methylcyclopropane affords two alkenes (A and B) as products. Explain why A is the major 
product despite the fact that it contains the less substituted double bond. 


Ee Kt-OC(CHs)3 p= 3 > 


1-chloro-1-methyl- 
cyclopropane 


8.40 What is the major stereoisomer formed in each reaction? 


KOH NaOCH,CH; 


H 
| 
a. Sh iii —_ b. ee Nae a 


Br Cl 


E1 Reaction 
8.41 What alkene is the major product formed from each alkyl halide in an E1 reaction? 
CH, 


Br 
a. eu b. E a A ase 
CH, 


E1 and E2 
8.42 Draw all constitutional isomers formed in each elimination reaction. Label the mechanism as E2 or E1. 


-OCH -OC(CH = 
a. el a ee a eye! mos e. an as Jas 


Br 
CH.OH CHCH CH HO - 
b. ie ad CHOH Ps Qs 2CH2CH3 2 i OH 
Br 


CHa Cl 


8.43 Rank the alkyl halides in order of increasing E2 reactivity. Then do the same for E1 reactivity. 
CH3 
Qe U” Of 
CI CH3 


8.44 Which elimination reaction in each pair is faster? 


GHs à F H2O -OH 
a. a o,f, ——, aha —a. 


CH3 CI Cl H2O a 
OH, a (CH,)CCI on 
DMSO 
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8.45 In the dehydrohalogenation of bromocyclodecane, the major product is cis-cyclodecene rather than trans-cyclodecene. Offer 
an explanation. 


8.46 Explain the following observation. Treatment of alkyl chloride A with NaOQCHsCHsg yields only one product B, whereas treatment 
of A with very dilute base in CH3;CH2OH yields a mixture of alkenes B and C, with C predominating. 


Cl 


O = HO 


A B c 


8.47 Elimination of HBr from 2-bromobutane affords a mixture of 1-butene and 2-butene. With sodium ethoxide as base, 2-butene 
constitutes 81% of the alkene products, but with potassium tert-butoxide, 2-butene constitutes only 67% of the alkene 
products. Offer an explanation for this difference. 


Stereochemistry and the E2 Reaction 
8.48 What is the E2 elimination product formed from each halide? 


H3 ms 
Os 


CHCH; CH; CH, 
Hs CHCH; CH;CH3 


8.49 Taking into account anti periplanar geometry, predict the major E2 product formed from each starting material. 


va: oa 


CH(CHs)> H(CHs)5 


Quan 
(= 


8.50 a. Draw three-dimensional representations for all stereoisomers of 2-chloro-3-methylpentane, and label pairs of enantiomers. 
b. Considering dehydrohalogenation across C2 and C3 only, draw the E2 product that results from each of these alky! halides. 
How many different products have you drawn? 
c. How are these products related to each other? 


Alkynes 
8.51 Draw the products of each reaction. 
CHCHCI; NaNH3 Çi NaNH, 
a. (2 equiv) Cc. i = CHGhly er 
Cl 
H 

Ta NaNHp oT NaNH, 
b. CHgCH,—C—CHCH,Br ———> d. C—C wee 

CH, br (2 equiv) åI ra (2 equiv) 


8.52 Draw the structure of a dihalide that could be used to prepare each alkyne. There may be more than one possible dihalide. 


a 
a. CHgC=CCH, b. CHy~C-C=CH c. € \oso ) 


CH, 
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8.53 Under certain reaction conditions, 2,3-dibromobutane reacts with two equivalents of base to give three products, each of which 


contains two new n bonds. Product A has two sp hybridized carbon atoms, product B has one sp hybridized carbon atom, and 
product C has none. What are the structures of A, B, and C? 


Syl, Sn2, E1, and E2 Mechanisms 


8.54 


8.55 


8.56 


8.57 


For which reaction mechanisms —Sy1, Sy2, E1, or E2—are each of the following statements true? A statement may be true for 
one or more mechanisms. 


a. The mechanism involves carbocation intermediates. 
b. The mechanism has two steps. 
c. The reaction rate increases with better leaving groups. 
d. The reaction rate increases when the solvent is changed from GH3OH to (CH3)2SO. 
e. The reaction rate depends on the concentration of the alkyl halide only. 
f. The mechanism is concerted. 
g. The reaction of CH3CH2Br with NaOH occurs by this mechanism. 
h. Racemization at a stereogenic center occurs. 
i. Tertiary (3°) alkyl halides react faster than 2° or 1° alkyl halides. 
j. The reaction follows a second-order rate equation. 
Draw the organic products formed in each reaction. 
CHCH 
3 Br “OC(CHs), R wia E -OC(CHa)g „ _ NE _KOC(CHs)s 
i i l (2 equiv) 
or DMSO 
-OCH;CH ar CH,CH,OH I CH-CHOH 
bu oia eee f. OL -> i. Pai? PESE S ip 
Cl 
| -NH3 2 NaNH3 ; H2O 
c. CH3—C—CH3 — g. (CH3)CH-CHCH,Br ——> j. — - 
Cl (2 equiv) br cl 


Br 


What is the major product formed when each alkyl halide is treated with each of the following reagents: [1] NaOCOCH;; 
[2] NaOCHsz; [3] KOC(CHs)3? If it is not possible to predict the major product, identify the products in the mixture and the 
mechanism by which each is formed. 


Cl 
a. CHCl b. ( \~ Cc. a d. Cl 
Chao a Chao Yeer 


cis-1-bromo-4-tert-butylcyclohexane trans-1-bromo-4-tert-butylcyclohexane 


a. The cis and trans isomers of 1-bromo-4-tert-butylcyclohexane react at different rates with KOC(CHs)3 to afford the same 
mixture of enantiomers A and B. Draw the structures of A and B. 

b. Which isomer reacts faster with KOC(CH3)3? Offer an explanation for this difference in reactivity. 

c. Reaction of cis-1-bromo-4-tert-butylcyclohexane with NaOCHs affords C as the major product, whereas reaction of 
trans-1-bromo-4-tert-butylcyclohexane affords D as the major product. Draw the structures for C and D. 

d. The cis and trans isomers react at different rates with NaOCHs3. Which isomer reacts faster? Offer an explanation for the 
difference in reactivity. 

e. Why are different products formed from these alkyl halides when two different alkoxides are used as reagents? 
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8.58 


8.59 


8.60 


8.61 


8.62 


8.63 


8.64 


Chapter 8 Alkyl Halides and Elimination Reactions 


Draw all products, including stereoisomers, in each reaction. 


“a CHa — CHyCOO- 
CeHs 
Cl H 
neue SS aN H, g KOH 


Draw all of the substitution and elimination products formed from the following alkyl halide with each reagent. Indicate the 
stereochemistry around the stereogenic centers present in the products, as well as the mechanism by which each product is 
formed. 


ae a. CHOH b. KOH 


> 


The following reactions do not afford the major product that is given. Explain why this is so, and draw the structure of the major 
product actually formed. 


CH, CH CHa 
-OC(CHs) 3 a 
r Ok _TOC(CHo)s | Oton, ` Cy OH, i 
-OCH T NNS 
bp ae gee aE ee d. a EO 
Cl 


Draw a stepwise, detailed mechanism for each reaction. 


sapna SE —=— e P p e + HCI 


OCH.CH; 


CH; CH CH 
= 3 2 
b. T OH Cy + CY + HO + Cr 


Draw the major product formed when (3A)-1-chloro-3-methylpentane is treated with each reagent: (a) NaOCH;CH;; (b) KCN; 
(c) DBU. 


Draw a stepwise, detailed mechanism for the following reaction. 


H H 
‘i H20 
‘Bee = + HBr 


Explain why the reaction of 2-bromopropane with NaOCOCHs gives (CH3)2>CHOCOCHsg exclusively as product, but the reaction 
of 2-bromopropane with NaOCH2CH; gives a mixture of (CHs),CHOCH2CHS3 (20%) and CHCH = CH; (80%). 


Chalienge Problems 


8.65 


Draw a stepwise detailed mechanism that illustrates how four organic products are formed in the following reaction. 


Cl OCH, 
CH,OH 
SS + + + + HCI 
OCH; 
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8.66 Although there are nine stereoisomers of 1,2,3,4,5,6-hexachlorocyclohexane, one stereoisomer reacts 7000 times more slowly 
than any of the others in an E2 elimination. Draw the structure of this isomer and explain why this is so. 


8.67 Explain the selectivity observed in the following reactions. 


Br CH, 
H ECH; H Br 
CH,0- CH,0- 
> me Ce CS oe Ch 
DO o wo C 
H H H H 


8.68 Draw a stepwise mechanism for the following reaction. The four-membered ring in the starting material and product is 
called a B-lactam. This functional group confers biological activity on penicillin and many related antibiotics, as is 
discussed in Chapter 22. (Hint: The mechanism begins with B elimination and involves only two steps.) 


H H 
a ens pan, ONS 
0 N 
P e JA A~ 


Ca 
B-lactam oo EHC] 


8.69 Although dehydrohalogenation occurs with anti periplanar geometry, some eliminations have syn periplanar geometry. Examine 
the starting material and product of each elimination, and state whether the elimination occurs with syn or anti periplanar 
geometry. 


H CH3 CH3 
uD A p \ / zn g A F 
a. me b. uye ey sS FR 
Se0CsHs E Br Ao Gh 


8.70 (a) Draw all products formed by treatment of each dibromide (A and B) with one equivalent of NaNH3. (b) Label pairs of 
diastereomers and constitutional isomers. 


9.2 
9.3 
9.4 
9.5 


9.6 


9.7 


9.8 


9.9 


9.10 


9.11 


9.12 


9.13 


9.14 


9.15 
9.16 


9.17 


324 


Introduction 
Structure and bonding 
Nomenclature 

Physical properties 
Interesting alcohols, 
ethers, and epoxides 
Preparation of alcohols, 
ethers, and epoxides 
General features— 
Reactions of alcohols, 
ethers, and epoxides 
Dehydration of alcohols 
to alkenes 

Carbocation 
rearrangements 
Dehydration using POCI; 
and pyridine 

Conversion of alcohols to 
alkyl halides with HX 
Conversion of alcohols to 
alkyl halides with SOCI; 
and PBr; 
Tosylate—Another good 
leaving group 

Reaction of ethers with 
strong acid 

Reactions of epoxides 
Application: Epoxides, 
leukotrienes, and asthma 
Application: Benzo[a]- 
pyrene, epoxides, and 
cancer 


a 


Palytoxin (Ci29H223N3054), first isolated from marine soft corals of the genus Palythoa, is a 
potent poison that contains several hydroxy (OH) groups. Historically used by ancient Hawai- 
ians to poison their spears, palytoxin was isolated in 1971 at the University of Hawaiʻi at Manoa, 
and its structure determined simultaneously by two different research groups in 1981. Its many 
functional groups and stereogenic centers made it a formidable synthetic target, but in 1994, 
Harvard chemists synthesized palytoxin in the laboratory. In Chapter 9 we learn about the 
properties of alcohols like palytoxin, as well as related oxygen-containing functional groups. 


9.1 
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In Chapter 9, we take the principles learned in Chapters 7 and 8 about leaving groups, nucleo- 
philes, and bases, and apply them to alcohols, ethers, and epoxides, three new functional groups 
that contain polar C—O bonds. In the process, you will discover that all of the reactions in Chapter 
9 follow one of the four mechanisms introduced in Chapters 7 and 8—Sy1, Sy2, E1, or E2—so 
there are no new general mechanisms to learn. 


Although alcohols, ethers, and epoxides share many characteristics, each functional group has 
its own distinct reactivity, making each unique and different from the alkyl halides studied in 
Chapters 7 and 8. Appreciate the similarities but pay attention to the differences. 


Introduction 


Alcohols, ethers, and epoxides are three functional groups that contain carbon—oxygen © bonds. 


Ko} 
R-O-H R-O-R of Xe 
alcohol ether epoxide 


Alcohols contain a hydroxy group (OH group) bonded to an sp? hybridized carbon atom. Alco- 
hols are classified as primary (1°), secondary (2°), or tertiary (3°) based on the number of 
carbon atoms bonded to the carbon with the OH group. 


| Alcohol | Classification of alcohols | 
lis i R a 
a hydroxy R-—C-—OH R-—C-—OH R-—C-OH 
| group 4 4 R 
3 hybridized C 1° 2° 3° 
ee (one R group) (two R groups) (three R groups) 


Compounds having a hydroxy group on an sp” hybridized carbon atom—enols and phenols— 
undergo different reactions than alcohols and are discussed in Chapters 11 and 19, respectively. 
Enols have an OH group on a carbon of a C-C double bond. Phenols have an OH group on a 
benzene ring. 


f | 


- sp? hybridized C x 
| OH 
2A OH Cy 
enol phenol 


Ethers have two alkyl groups bonded to an oxygen atom. An ether is symmetrical if the two 
alkyl groups are the same, and unsymmetrical if they are different. Both alcohols and ethers 
are organic derivatives of H20, formed by replacing one or both of the hydrogens on the oxygen 
atom by R groups, respectively. 


R-O-R CH,CH,—Q—CH,CH, CH,—O—CH,CH, 
Ether | symmetrical ether unsymmetrical ether 
R groups are the same. R groups are different. 


Epoxides are ethers having the oxygen atom in a three-membered ring. Epoxides are also 
called oxiranes. 


5 Q 
n 4) 
. ‘ 


epoxide or oxirane 
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Problem 9.1 Draw all constitutional isomers having molecular formula C,H; 0. Classify each compound as a 1°, 
2°, or 3° alcohol, or a symmetrical or unsymmetrical ether. 


Problem 9.2 Classify each OH group in dexamethasone, a halogen-containing, synthetic steroid, as 1°, 2°, or 3°. 


ty _—CH,0H 
CH, © 
“OH 
“uCHa 


dexamethasone 


9.2 Structure and Bonding 


Alcohols, ethers, and epoxides each contain an oxygen atom surrounded by two atoms and two 
nonbonded electron pairs, making the O atom tetrahedral and sp? hybridized. Because only two 
of the four groups around O are atoms, alcohols and ethers have a bent shape like H,O. 


Dexamethasone relieves sp? hybridized sp? hybridized 


inflammation and is used to | | 

treat some forms of arthritis, KON = 1 ‘0: = 

skin conditions, and asthma. CH CH- CHa kd 
109° Lite 


The bond angle around the O atom in an alcohol or ether is similar to the tetrahedral bond angle 
of 109.5°. In contrast, the C-O-C bond angle of an epoxide must be 60°, a considerable devia- 
tion from the tetrahedral bond angle. For this reason, epoxides have angle strain, making them 
much more reactive than other ethers. 


Pim te 
iy Ca 
H H a 


a strained, three-membered ring 


Because oxygen is much more electronegative than carbon or hydrogen, the C-O and O-H 
bonds are all polar, with the O atom electron rich and the C and H atoms electron poor. The 
electrostatic potential maps in Figure 9.1 show these polar bonds for all three functional groups. 


Figure 9.1 

Electrostatic potential maps 
for a simple alcohol, 

ether, and epoxide 


O 
os os Z-S. 
CH,OH CHjOCH COs; 
oe Pd H“ \ 1H 
A H 


è Electron-rich regions are shown by the red around the O atoms. 


How To Namean Alcohol Using the IUPAC System 


Example Give the IUPAC name of the following alcohol: 


Step [1] 


Step [2] 


CH3CH2CH2CH20H is named 
as 1-butanol using the 1979 
IUPAC recommendations and 


9.3 Nomenclature 


9.3 Nomenclature 


To name an alcohol, ether, or epoxide using the IUPAC system, we must learn how to name the 


functional group either as a substituent or by using a suffix added to the parent name. 


9.3A Naming Alcohols 


e In the IUPAC system, alcohols are identified by the suffix -ol. 


Gls OH 
CH3CHCH,CHCH»CH, 


Find the longest carbon chain containing the carbon bonded to the OH group. 


QH OH 
j CH,CHCH,CHCH,CH, | e Change the -e ending of the parent alkane to the 
6 C's in the longest chain suffix -ol. 


6C's -> hexane -> hexano/ 


Number the carbon chain to give the OH group the lower number, and apply all other rules of nomenclature. 


a. Number the chain. b. Name and number the substituents. 
o Çh OH O ai os 
_CHsCHCH:CHCH,CH, soi Gt ani 

_ CHgCHCH,CHCH,CH3 | 
6 5483 21 f $ Ba 
¢ Number the chain to put the 5 3 


Ghigreupoat C3, net C4. Answer: 5-methyl-3-hexanol 


3-hexanol 


butan-1-ol using the 1993 number. Representative examples are given in Figure 9.2. 


IUPAC recommendations. The 
first convention is more widely 
used, so we follow it in this text. 


Figure 9.2 C2, G 
Examples: Naming CH3 OH OH 
cyclic alcohols wl Ne ja 
CH3 CH, 
3-methylcyclohexanol 2,5,5-trimethylcyclohexanol 


The OH group is at C1; the second substituent | | The OH group is at C1; the second substituent 
(CH3) gets the lower number. (CH3) gets the lower number. 


When an OH group is bonded to a ring, the ring is numbered beginning with the OH group. 
Because the functional group is always at C1, the “1” is usually omitted from the name. The ring 
is then numbered in a clockwise or counterclockwise fashion to give the next substituent the lower 
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9.3B 


Common names are often used for simple alcohols. To assign a common name: 


e Name all the carbon atoms of the molecule as a single alkyl group. 
e Add the word alcohol, separating the words with a space. 


H 
| 
CH3—C—OH <— alcohol ———— isopropyl alcohol 
CH3 a common name 
nll 


isopropyl group 


Compounds with two hydroxy groups are called diols (using the IUPAC system) or glycols. Com- 
pounds with three hydroxy groups are called triols, and so forth. To name a diol, for example, the 
suffix -diol is added to the name of the parent alkane, and numbers are used in the prefix to indicate 
the location of the two OH groups. 


C1 
H HO, 
l 
HOCH CHOH HOCH,—C—CH,0H c2 
ete ier 5 ™, two OH groups 
ethylene glycol OH HO” 
(1,2-ethanediol) glycerol oe 4 
| (1,2,3-propanetriol) trans " cyclopentanediol 
Common names are usually used Numbers are needed to show 
for these simple compounds. the location of two OH groups. 


Give the IUPAC name for each compound. 


CH, 
a. OH b. X G OH 
dr thd a 


Give the structure corresponding to each name. 
a. 7,7-dimethyl-4-octanol c. 2-tert-butyl-3-methylcyclohexanol 
b. 5-methyl-4-propyl-3-heptanol d. trans-1,2-cyclohexanediol 


Naming Ethers 


Simple ethers are usually assigned common names. To do so, name both alkyl groups bonded 
to the oxygen, arrange these names alphabetically, and add the word ether. For symmetrical 
ethers, name the alkyl group and add the prefix di-. 


H 
l 
| CH3—O-C—CH2CHg CH3CH,—O—CH2CH3 | 
methyl Chg ethyl ethyl 
sec-butyl diethyl ether 


sec-butyl methyl ether 


Alphabetize the b of butyl 
before the m of methyl. 
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More complex ethers are named using the IUPAC system. One alkyl group is named as a hydro- 
carbon chain, and the other is named as part of a substituent bonded to that chain. 


e Name the simpler alkyl group + O atom as an alkoxy substituent by changing the -yl ending 
of the alkyl group to -oxy. 


~ i 
Common | CH;0- CH,CH,O- CHy—C-O- 
alkoxy groups methoxy ethoxy CH3 
tert-butoxy 


e Name the remaining alkyl group as an alkane, with the alkoxy group as a substituent bonded 
to this chain. 


Sample Problem 9.1 Give the IUPAC name for the following ether. 


OCH2CH3 
Solution 
[1] Name the longer chain as an alkane and [2] Apply the other nomenclature rules to 
the shorter chain as an alkoxy group. complete the name. 
4 1 
= | + 
| "| 8C’s --> octane 
OCH,CH, ~— ethoxy group OCH,CHg 
Answer: 4-ethoxyoctane 
Problem 9,5 Name each of the following ethers. 
OCH, 
a. CH3—O—CHsCHsCH2CH3 b. Cy Cc. CHCH CH—0—CH2CH2CH3 


Problem 9.6 Name (CHg)3COCHs, a gasoline additive commonly referred to as MTBE, as an alkoxy alkane. 


o i ‘ i ‘ ; 
C ) Cyclic ethers have an O atom in a ring. A common cyclic ether is tetrahydrofuran (THF), a 
polar aprotic solvent used in nucleophilic substitution (Section 7.8C) and many other organic 
tetrahydrofuran reactions. 
THF 


9.3C Naming Epoxides 


7 Epoxides are named in three different ways—epoxyalkanes, oxiranes, or alkene oxides. 
Any cyclic compound 


containing a heteroatom is To name an epoxide as an epoxyalkane, first name the alkane chain or ring to which the oxygen 
called a heterocycle. is attached, and use the prefix epoxy to name the epoxide as a substituent. Use two numbers to 
designate the location of the atoms to which the O’s are bonded. 
c2 
HAA A 
o c d-e — c1 HC~ 0H 
CH4 H CH,CH$ CH, 


1,2-epoxycyclohexane 1,2-epoxy-2-methylpropane cis-2,3-epoxypentane 
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Problem 9.7 


9.4 


Epoxides bonded to a chain of carbon atoms can also be named as derivatives of oxirane, the sim- 
plest epoxide having two carbons and one oxygen atom in a ring. The oxirane ring is numbered 
to put the O atom at position “1,” and the first substituent at position “2.” No number is used for 
a substituent in a monosubstituted oxirane. 


position 2 
Number the ring beginning o! ba o 
at the O atom. IN 
P A 7 CHa oH 
CH3 H 
oxirane 2,2-dimethyloxirane 


Epoxides are also named as alkene oxides, since they are often prepared by adding an O atom to an 
alkene (Chapter 12). To name an epoxide this way, mentally replace the epoxide oxygen by a double 
bond, name the alkene (Section 10.3), and then add the word oxide. For example, the common name 
for oxirane is ethylene oxide, since it is an epoxide derived from the alkene ethylene. We will use 
this method of naming epoxides after the details of alkene nomenclature are presented in Chapter 10. 


R 
CH=CH; —* a, 
ethylene H H H m 
ethylene oxide 
oxirane 
Name each epoxide. 
CH3 
Q Hu, Q 
a Æ (two ways) b. O Gi uuH (two ways) 


CH 


Physical Properties 


Alcohols, ethers, and epoxides exhibit dipole-dipole interactions because they have a bent struc- 
ture with two polar bonds. Alcohols are also capable of intermolecular hydrogen bonding, 
because they possess a hydrogen atom on an oxygen, making alcohols much more polar than 


ethers and epoxides. 
“a _ # AH 
= i % 
H H 
hydrogen bond 


Steric factors affect the extent of hydrogen bonding. Although all alcohols can hydrogen bond, 
increasing the number of R groups around the carbon atom bearing the OH group decreases the 
extent of hydrogen bonding. Thus, 3° alcohols are least able to hydrogen bond, whereas 1° alco- 
hols are most able to. 


RCH,-OH RoCH-OH RaC-OH 
Te 2° g 


Increasing steric hiñdranca > 


How these factors affect the physical properties of alcohols, ethers, and epoxides is summarized 
in Table 9.1. 
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Table 9.1 Physical Properties of Alcohols, Ethers, and Epoxides | 


Property 


Boiling point 
and 


melting point 


Solubility 


Problem 9.8 


9.5A 


Observation 


e For compounds of comparable molecular weight, the stronger the intermolecular forces, the higher 
the bp or mp. 
CHgCHsCH,CH, 9 CH30CH,CH; = CH3CH,CH,OH 
VDW VDW, DD VDW, DD, HB 
bp 0 °C bp 11°C bp 97 °C 


= _ Increasing 


e Bp’s increase as the extent of hydrogen bonding increases. 


OH 
| 
(CHg)gC—OH CH3CH,CHCH, CH3CH;CH;CH;—OH 
3° 2° 1° 
bp 83 °C bp 98 °C bp 118°C 


increasing ability to hydrogen bond 
Increasing boiling point 


e Alcohols, ethers, and epoxides having < 5 C’s are H20 soluble because they each have an oxygen 
atom capable of hydrogen bonding to H20 (Section 3.40). 


e Alcohols, ethers, and epoxides having > 5 C’s are H20 insoluble because the nonpolar alkyl portion 
is too large to dissolve in H20. 


e Alcohols, ethers, and epoxides of any size are soluble in organic solvents. 


Key: VDW = van der Waals forces; DD = dipole-dipole; HB = hydrogen bonding 


Rank the following compounds in order of increasing boiling point. 


OH CH, CH, 
a. 
O 


b. NS 20H Aan i aliai 
OH 


Interesting Alcohols, Ethers, and Epoxides 


A large number of alcohols, ethers, and epoxides have interesting and useful properties. 


Interesting Alcohols 


The structure and properties of three simple alcohols—methanol, 2-propanol, and ethylene 
glycol—are given in Figure 9.3, Ethanol (CH;CH,OH), formed by the fermentation of the 
carbohydrates in grains, grapes, and potatoes, is the alcohol present in alcoholic beverages. It 
is perhaps the first organic compound synthesized by humans, because alcohol production has 
been known for at least 4000 years. Ethanol depresses the central nervous system, increases the 
production of stomach acid, and dilates blood vessels, producing a flushed appearance. Ethanol 
is also a common laboratory solvent, which is sometimes made unfit to ingest by adding small 
amounts of benzene or methanol (both of which are toxic). 
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Figure 9.3 a e Methanol (CH,OH) is also called wood alcohol, because it can be obtained 
Some simple alcohols @ by heating wood at high temperatures in the absence of air. Methanol 
2 i is extremely toxic because of the oxidation products formed when it is 


metabolized in the liver (Section 12.14}. Ingestion of as little as 15 mL 


CH30H causes blindness, and 100 mL causes death. 
Pe @ e 2-Propanol [(CH3)2CHOH] is the major component of rubbing alcohol. 
7 € » When rubbed on the skin it evaporates readily, producing a pleasant cooling 
sensation. Because it has weak antibacterial properties, 2-propanol is used 
(CH,),CHOH to clean skin before minor surgery and to sterilize medical instruments. 
3)2 


Ha TI X e Ethylene glycol (HOCH,CH,OH) is the major component of antifreeze. It 

By e is readily prepared from ethylene oxide by reactions discussed in Section 
4 9.15. It is sweet tasting but toxic. 

HOCH,CH,0OH 


Ethanol is a common gasoline additive, widely touted as an environmentally friendly fuel source. 
Two common gasoline-ethanol fuels are gasohol, which contains 10% ethanol, and E-85, which 
contains 85% ethanol. Ethanol is now routinely prepared from the carbohydrates in corn (Fig- 
ure 9.4). Starch, a complex carbohydrate polymer, can be hydrolyzed to the simple sugar glucose, 
which forms ethanol by the process of fermentation. Combining ethanol with gasoline forms a 
usable fuel, which combusts to form CO, HO, and a great deal of energy. 


Since green plants use sunlight to convert CO, and H,O to carbohydrates during photosynthesis, 
next year’s corn crop removes CO, from the atmosphere to make new molecules of starch as the 
corn grows. While in this way ethanol is a renewable fuel source, the need for large-scale farm 
equipment and the heavy reliance on fertilizers and herbicides make ethanol expensive to produce. 
Moreover, many criticize the use of valuable farmland for an energy-producing crop rather than 
for food production. As a result, discussion continues on ethanol as an alternative to fossil fuels. 


Figure 9.4 Ethanol from corn, a renewable fuel source 


[1] Hydrolyze and CH,CH,0H [2] Mix with gasoline 
— L. ethanol N (CnHan + 2) 

HO O gasohol 
q HO pe or rej 


E-85 ethanol 


amylose ol 
(one form of starch) 6 ghar 
[4] Undergo [3] Combust 
photosynthesis 


HO + Energy 


e Hydrolysis of starch and fermentation of the resulting simple sugars (Step [1]) yield ethanol, which is mixed with hydrocarbons from 
petroleum refining (Step [2]) to form usable fuels. 

e Combustion of this ethanol-hydrocarbon fuel forms CO, and releases a great deal of energy (Step [3}). 

e Photosynthesis converts atmospheric CO; back to plant carbohydrates in Step [4], and the cycle continues. 


9.5B 


This painting by Robert 
Hinckley depicts a public 
demonstration of the use of 
diethyl ether as an anesthetic 

at the Massachusetts General 
Hospital in Boston in the 1840s. 


Recall from Section 3.7B that 
crown ethers are named as 
X-crown-y, where x is the 
total number of atoms in the 
ring and y is the number of 
O atoms. 


Figure 9.5 


The use of 
crown ethers 
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Interesting Ethers 


The discovery that diethyl ether (CH,;CH,OCH,CH;) is a general anesthetic revolutionized sur- 
gery in the nineteenth century. For years, a heated controversy existed over who first discovered 
diethyl ether’s anesthetic properties and recognized the enormous benefit in its use. Early experi- 
ments were performed by a dentist, Dr. William Morton, resulting in a public demonstration of 
diethyl ether as an anesthetic in Boston in 1846. In fact, Dr. Crawford Long, a Georgia physician, 
had been using diethyl ether in surgery and obstetrics for several years, but had not presented his 
findings to a broader audience. 


Diethy] ether is an imperfect anesthetic, but considering the alternatives in the nineteenth cen- 
tury, it was a miracle drug. It is safe, easy to administer, and causes little patient mortality, but 
it is highly flammable and causes nausea in many patients. For these reasons, it has largely been 
replaced by halothane (Figure 7.4), which is non-flammable and causes little patient discomfort. 


Recall from Section 3.7B that some cyclic polyethers—compounds with two or more ether 
linkages—contain cavities that can complex specific-sized cations. For example, 18-crown-6 
binds K*, whereas 12-crown-4 binds Li*. 


pr] 


Qo a 
Ce 


18-crown-6 


Lg 
Co) 


12-crown-4 


complex with K+ complex with Lit 


e A crown ether-cation complex is called a host-guest complex. The crown ether is the 
host and the cation is the guest. 


e The ability of a host molecule to bind specific guests is called molecular recognition. 


The ability of crown ethers to complex cations can be exploited in nucleophilic substitution reac- 
tions, as shown in Figure 9.5. Nucleophilic substitution reactions are usually run in polar solvents 
to dissolve both the polar organic substrate and the ionic nucleophile. With a crown ether, though, 
the reaction can be run in a nonpolar solvent under conditions that enhance nucleophilicity. 


KCN is insoluble in nonpolar solvents alone, but with 18-crown-6: 


a stronger nucleophile 


in nucleophilic as aa | 
H i ‘ 
substitution O: :O Oo ! 30 
reactions ba = ey eet = - CH3CH,Br 
C + KCN —— SKI + | -CN | — Z CH,CHLCN + Br 
.. oe CeH, coat i a à 
O: Ke) oO: ' :0 
A rapid nucleophilic substitution 
18-crown-6 host—guest complex reaction occurs in nonpolar solvents 


when a crown ether is added. 


soluble in nonpolar solvents 
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When 18-crown-6 is added to the reaction of CH;CH,Br with KCN, for example, the crown ether 
forms a tight complex with K* that has nonpolar C—H bonds on the outside, making the complex 
soluble in nonpolar solvents like benzene (C6H6) or hexane. When the crown ether/K* complex 
dissolves in the nonpolar solvent, it carries the “CN along with it to maintain electrical neutrality. 
The result is a solution of tightly complexed cation and relatively unsolvated anion (nucleophile). 
The anion, therefore, is extremely nucleophilic because it is not hidden from the substrate by 
solvent molecules. 


Problem 9.9 Which mechanism is favored by the use of crown ethers in nonpolar solvents, Sy1 or Sy2? 


9.5C Interesting Epoxides 


Although epoxides occur less widely in natural products than alcohols or ethers, interesting and 
useful epoxides are also known. As an example, two recently introduced drugs that contain an 
epoxide are eplerenone and tiotropium bromide. Eplerenone (trade name Inspra) is prescribed to 
reduce cardiovascular risk in patients who have already had a heart attack. Tiotropium bromide 
(trade name Spiriva) is a long-acting bronchodilator used to treat the chronic obstructive pulmo- 
nary disease of smokers and those routinely exposed to secondhand smoke. 


C3. -CHg Br 


Q 
(0) 


l Jud 


S, 
eplerenone l Wi 


tiotropium bromide 


9.6 Preparation of Alcohols, Ethers, and Epoxides 


Alcohols and ethers are both common products of nucleophilic substitution. They are syn- 
thesized from alkyl halides by Sy2 reactions using strong nucleophiles. As in all Sp2 reactions, 
highest yields of products are obtained with unhindered methyl and 1° alkyl halides. 


nucleophile product 
l ee | 
CH,CH>—Br + a CH5CH,+OH | alcohol 
Sy2 
CH3CH,CH,—Cl + | “OCH, — CH5CH,CH,+OCHs | unsymmetrical ether 


Sy2 i 
CHsCH,—Br + | OCH,CH; }— CHyCH, +OCH,CH, | symmetrical ether 


The preparation of ethers by this method is called the Williamson ether synthesis, and, although 
it was first reported in the 1800s, it is still the most general method to prepare an ether. Unsym- 
metrical ethers can be synthesized in two different ways, but often one path is preferred. 


Problem 9.10 


Problem 9.11 


NaH is an especially good 
base for forming an alkoxide, 
because the by-product of the 
reaction, Ho, is a gas that just 
bubbles out of the reaction 
mixture. 
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For example, isopropyl methyl ether can be prepared from CH3;0° and 2-bromopropane 
(Path [a]), or from (CH3),CHO™ and bromomethane (Path [b]). Because the mechanism is Sy2, 
the preferred path uses the less sterically hindered halide, CH;Br—Path [b]. 


Path [a] Path [b] 


isopropyl methyl ether isopropyl methyl ether 


| | 


CHs rE. ÇH; 


CH -ÖF + Brc- CH CH + 107 c- CH 
: wi ae i aii 
bromomethane 
2-bromopropane 
2° alkyl halide f 


less hindered alky! halide 
preferred path 


Draw the organic product of each reaction and classify the product as an alcohol, symmetrical 
ether, or unsymmetrical ether. 


a. CH3CH,CH,CH,—Br + -OH ——~ vo. (Jonona + -OCH(CHa) ——> 


b “~~“~“™e1 + “OCH; ~——> d. e a + -OCH;CH —— 


A key step in the synthesis of the antidepressant paroxetine (trade name Paxil) involves a 
Williamson ether synthesis of the acyclic ether in X. Draw two different routes to this ether and 
state which is preferred. 


F 
oma ON 
O O 
“No AVN o 
paroxetine N X 
CH, 


A hydroxide nucleophile is needed to synthesize an alcohol, and salts such as NaOH and 
KOH are inexpensive and commercially available. An alkoxide salt is needed to make an ether. 
Simple alkoxides such as sodium methoxide (NaOCH3) can be purchased, but others are pre- 
pared from alcohols by a Brgnsted—Lowry acid-base reaction. For example, sodium ethoxide 
(NaOCH,CHs) is prepared by treating ethanol with NaH. 


ao = — toe 
An acid-base CHsCHOTH + NaH- = ——» CHACHOFNat + Ha 
reaction ethanol base sodium ethoxide 


an alkoxide nucleophile 
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Sample Problem 9.2 Draw the product of the following two-step reaction sequence. 


[1] NaH 
O-H 
[2] CH3CH,Br 


Solution 
[1] The base removes a proton from the [2] The alkoxide acts as a nucleophile in an 
OH group, forming an alkoxide. Sp2 reaction, forming an ether. 
ap a e Ta en 
O-H + Na*tHr O: Nat + CH3,CH.-Br 
O (f + oeg 
S2 
proton transfer 
( yë Nat + Hp Cn + Nat Br 
alkoxide new bond’ | 
nucleophile pier 


e This two-step sequence converts an alcohol to an ether. 


When an organic compound contains both a hydroxy group and a halogen atom on adjacent car- 
bon atoms, an intramolecular version of this reaction forms an epoxide. The starting material for 
this two-step sequence, a halohydrin, is prepared from an alkene, as we will learn in Chapter 10. 


| Epoxide synthesis—A two-step procedure | 


aay A a 
TN S proton transfer S AS Sy2 M 
a oe, Se E eor 
4 xX 4 4% y 
halohydrin 
H—B* 


intramolecular Sy2 reaction | 


Probieni 9.14 Draw the products of each reaction. 


OH [1] NaH 
a. CHCH»CH,-OH + NaH ——> c. iii ai TTT 
CH 
A: OH NaH 
b. -OH + NaNHp — d. ae, ofh 


H Br 


9.7 General Features—Reactions of Alcohols, 
Ethers, and Epoxides 


We begin our discussion of the chemical reactions of alcohols, ethers, and epoxides with a look 
at the general reactive features of each functional group. 


9.7A Alcohols 


Unlike many families of molecules, the reactions of alcohols do not fit neatly into a single reac- 
tion class. In Chapter 9, we discuss only the substitution and B elimination reactions of alcohols. 
Alcohols are also key starting materials in oxidation reactions (Chapter 12), and their polar 
O-H bond makes them more acidic than many other organic compounds, a feature we will 
explore in Chapter 19. 


Because the pK, of (ROHz)* is 
~-2, protonation of an alcohol 
occurs only with very strong 
acids —namely, those having a 
pKa < -2. 


9.7B 
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Alcohols are similar to alkyl halides in that both contain an electronegative element bonded to an 
sp’ hybridized carbon atom. Alkyl halides contain a good leaving group (X`), however, whereas 
alcohols do not. Nucleophilic substitution with ROH as starting material would displace “OH, a 
strong base and therefore a poor leaving group. 


, N 
T + Nu — R-Nu + X- good leaving group 


ROH + Nu S R—Nu + |-OH poor leaving group 

For an alcohol to undergo a nucleophilic substitution or elimination reaction, the OH group 
must be converted into a better leaving group. This can be done by reaction with acid. Treat- 
ment of an alcohol with a strong acid like HCI or H,SO, protonates the O atom via an acid-base 
reaction. This transforms the “OH leaving group into H,O, a weak base and therefore a good 
leaving group. 


AO N aR 
R-OH + a i =~ R-QH,) + Ch 
strong acid 


weak base 
good leaving group 


If the OH group of an alcohol is made into a good leaving group, alcohols can undergo B elimi- 
nation and nucleophilic substitution, as described in Sections 9.8—9.12. 


B elimination 
Alkenes are formed by ß elimination. 


Cy" -H20 (Sections 9.8-9.10) 


Alky! halides are formed by 
nucleophilic nucleophilic substitution. 


substitution (Sections 9.11-9.12) 


Ethers and Epoxides 


Like alcohols, ethers do not contain a good leaving group, which means that nucleophilic substi- 
tution and B elimination do not occur directly. Ethers undergo fewer useful reactions than alcohols. 


R-ÖR | «— poor leaving group 


Epoxides don’t have a good leaving group either, but they have one characteristic that neither 
alcohols nor ethers have: the “leaving group” is contained in a strained three-membered 
ring. Nucleophilic attack opens the three-membered ring and relieves angle strain, making 
nucleophilic attack a favorable process that occurs even with the poor leaving group. Specific 
examples are presented in Section 9.15. 


A strained | Sas |, {07 <— “leaving group” 
three-membered rin ——> "C= Cir 
I y 55 M r 


new bond 
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9.8 


9.8A 


Recall from Section 2.6 that 
p-toluenesulfonic acid is a 
strong organic acid (pK, =-7). 


ou so 


p-toluenesulfonic acid 
TsOH 


Chapter9 Alcohols, Ethers, and Epoxides 


Dehydration of Alcohols to Alkenes 


The dehydrohalogenation of alkyl halides, discussed in Chapter 8, is one way to introduce a 
T bond into a molecule. Another way is to eliminate water from an alcohol in a dehydration 
reaction. 


e Dehydration, like dehydrohalogenation, is a B elimination reaction in which the 
elements of OH and H are removed from the o and B carbon atoms, respectively. 


B 0. B a 
“Dahvaralio | 1 4 
| Dehydration \ va . Wer PETI” 
tha — 
new z bond 
an alkene 


Dehydration is typically carried out using H,SO, and other strong acids, or phosphorus oxychlo- 
ride (POCI,) in the presence of an amine base. We consider dehydration in acid first, followed by 
dehydration with POCI; in Section 9.10. 


General Features of Dehydration in Acid 


Alcohols undergo dehydration in the presence of strong acid to afford alkenes, as illustrated in 
Equations [1] and [2]. Typical acids used for this conversion are HSO, or p-toluenesulfonic acid 
(abbreviated as TsOH). 


CH 
QHs H2SO4 $ 
| Examples | [1] CHs—C—CH, (O=CH, + H,0 
(OH H CH, 
m 9 L TsOH (Y 5 He 
H OH | 


More substituted alcohols dehydrate more readily, giving rise to the following order of reactivity: 


RCH,—OH 


RCH—OH 


R3C—OH 


When an alcohol has two or three different B carbons, dehydration is regioselective and fol- 
lows the Zaitsev rule. The more substituted alkene is the major product when a mixture of 
constitutional isomers is possible. For example, elimination of H and OH from 2-methyl-2- 
butanol yields two constitutional isomers: the trisubstituted alkene A as major product and the 
disubstituted alkene B as minor product. 


loss of H20 from loss of H20 from 
the œ and B> carbons the o and 6, carbons 
PL Bo ar Doe aa “ae 
CH H H CH 
J ~GHs/* Sos r O i 
g OH CH3 CHa H CHCH; 
2-methyl-2-butanol A B 


major product 
trisubstituted alkene 


minor product 


two different B carbons, disubstituted alkene 


labeled B, and Bo 
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Problem 9.13 Draw the products formed when each alcohol undergoes dehydration with TsOH, and label the 
major product when a mixture results. 


CH; 

| OH 
a. CH3—C—CHg bi C. 

OH en 


Problem 9.14 Rank the alcohols in order of increasing reactivity when dehydrated with H»SO,. 
CH3 


HO CH, 


9.8B The E1 Mechanism for the Dehydration of 2° and 3° Alcohols 


The mechanism of dehydration depends on the structure of the alcohol: 2° and 3° alcohols react 
by an E1 mechanism, whereas 1° alcohols react by an E2 mechanism. Regardless of the type of 
alcohol, however, strong acid is always needed to protonate the O atom to form a good leaving group. 


The E1 dehydration of 2° and 3° alcohols is illustrated with (CH3)3;COH (a 3° alcohol) as starting 
material to form (CH3),C =CH) as product (Mechanism 9.1). The mechanism consists of three 
steps. 


te Mechanism 9.1 Dehydration of 2? and 3° ROH—An E1 Mechanism 


Step [1] The O atom is protonated. 


CH, E CH, e Protonation of the oxygen atom of the alcohol 
CH,—-C—CH p CH,;—C—CH, + HSO,- converts a poor leaving group (TOH) into a good 

‘OH leaving group (H20). 

OF ee 


good leaving group 


Step [2] The C-O bond is broken. 


Cha i CHa e Heterolysis of the C- O bond forms a 
CHa—0—Ch — CCH, + | HO: carbocation. This step is rate-determining 
(OH cH because it involves only bond cleavage. 

g 2 3 good leaving group 


carbocation 


Step [3] A C-H bond is cleaved and the ņ bond is formed. 


ane e A base (such as HSO, or H20) removes a 
CH; H HSO; CH proton from a carbon adjacent to the carbocation 
CCH —~ > C=CH; + HS0, (a B carbon). The electron pair in the C-H bond is 
cH, CH, used to form the new x bond. 


Thus, dehydration of 2° and 3° alcohols occurs via an E1 mechanism with an added first 
step. 


e Step [1] protonates the OH group to make a good leaving group. 

e Steps [2] and [3] are the two steps of an E1 mechanism: loss of a leaving group (H,O in this 
case) to form a carbocation, followed by removal of a B proton to form a 7 bond. 

e The acid used to protonate the alcohol in Step [1] is regenerated upon removal of the proton 
in Step [3], so dehydration is acid-catalyzed. 
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9.8C 


The El dehydration of 2° and 3° alcohols with acid gives clean elimination products without 
by-products formed from an Syl reaction. This makes the E1 dehydration of alcohols much 
more synthetically useful than the E1 dehydrohalogenation of alkyl halides (Section 8.7). Clean 
elimination takes place because the reaction mixture contains no good nucleophile to react with 
the intermediate carbocation, so no competing Syl reaction occurs. 


The E2 Mechanism for the Dehydration of 1° Alcohols 


Because 1° carbocations are highly unstable, the dehydration of 1° alcohols cannot occur by an 
E1 mechanism involving a carbocation intermediate. With 1° alcohols, therefore, dehydration 
follows an E2 mechanism. The two-step process for the conversion of CH;CH,CH,OH (a 1° 
alcohol) to CH;CH=CH) with H,SO, as acid catalyst is shown in Mechanism 9.2. 


ta Mechanism 9.2 Dehydration of a 1? ROH—An E2 Mechanism 


Step [1] The O atom is protonated. 


CH3— 


H 
mi 
H :QH 


S 


proton transfer H e Protonation of the oxygen atom of the alcohol 
S CHs—C—CHp + HSO,- converts a poor leaving group (TOH) into a good 
A H| :OH leaving group (H20). 
H~-OSO;H OH. | 
H L 


good leaving group 


Step [2] The C-H and C—O bonds are broken and the z bond is formed. 


9.8D 


e Two bonds are broken and two bonds are 


CH,CH=CH, + HÖ: + HSO, formed in a single step: the base (HSO, or H20) 


removes a proton from the B carbon; the electron 
pair in the B C-H bond forms the new z bond; the 
leaving group (H20) comes off with the electron 
pair in the C-O bond. 


good 
leaving group 


The dehydration of a 1° alcohol begins with the protonation of the OH group to form a good 
leaving group, just as in the dehydration of a 2° or 3° alcohol. With 1° alcohols, however, loss of 
the leaving group and removal of a B proton occur at the same time, so that no highly unstable 
1° carbocation is generated. 


Draw the structure of each transition state in the two-step mechanism for the reaction, 
CH3CH2CH2,0H + HS0, — CHCH = CH2 + H20. 


Le Châtelier’s Principle 


Although entropy favors product formation in dehydration (one molecule of reactant forms two 
molecules of products), enthalpy does not, because the two o bonds broken in the reactant are 
stronger than the o and x bonds formed in the products. For example, AH®° for the dehydration 
of CH;CH,OH to CH=CH; is +38 kJ/mol (Figure 9.6). 


According to Le Châtelier’s principle, a system at equilibrium will react to counteract any 
disturbance to the equilibrium. Thus, removing a product from a reaction mixture as it is 
formed drives the equilibrium to the right, forming more product. 


Le Chatelier’s principle can be used to favor products in dehydration reactions because the 
alkene product has a lower boiling point than the alcohol reactant. Thus, the alkene can be 
distilled from the reaction mixture as it is formed, leaving the alcohol and acid to react further, 
forming more product. 
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Figure 9.6 ae 
The dehydration of CH3CH2OH | Overall reaction: | CHgCH2OH a CH=CH; + HO 
to CH= CHs—An endothermic 
reaction 
AH? calculation: 
[1] Bonds broken [2] Bonds formed [3] Overall AH? = 
AH? (kJ/mol) AH? (kJ/mol) e 
| suminStep[1] 
CH,CH2-OH +393 CH=CH; bond -267 pot 
HOCH,CH,-H +410 H-OH -498 sum in Step [2] 
Total +803 kJ/mol Total -765 kJ/mol +803 kJ/mol 
-765 kJ/mol 


Energy needed to break bonds. 


Energy released in forming bonds. AH? = +38 kJ/mol 


The reaction is endothermic. 


[Values taken from Appendix C.] 


9.9 Carbocation Rearrangements 


Because the migrating group 
in a 1,2-shift moves with two 
bonding electrons, the carbon 
it leaves behind now has only 
three bonds (six electrons), 
giving it a net positive (+) 
charge. 


Sometimes “unexpected” products are formed in dehydration; that is, the carbon skeletons of the 
starting material and product might be different, or the double bond might be in an unexpected 
location. For example, the dehydration of 3,3-dimethyl-2-butanol yields two alkenes, whose car- 
bon skeletons do not match the carbon framework of the starting material. 


| The carbon skeletons of the reactant and products are different. | 


4° carbon 
CHa H H»SO, CHa CHa H CH3 
CH;—Ç—Ç-CH; EFQ + prs + HO 
CH OH CH; CH H CH-CHg 
3,3-dimethyl-2-butanol j CH3 


no 4° carbon in the products 


This phenomenon sometimes occurs when carbocations are reactive intermediates. A less stable 
carbocation can rearrange to a more stable carbocation by shift of a hydrogen atom or an 
alkyl group. These rearrangements are called 1,2-shifts, because they involve migration of an 
alkyl group or hydrogen atom from one carbon to an adjacent carbon atom. The migrating group 
moves with the two electrons that bonded it to the carbon skeleton. 


Carbocati | | 1,2-shift | | 
| rearrangement | at: 
Inset ee 
L- R R 
(or H) 


e Movement of a hydrogen atom is called a 1,2-hydride shift. 
e Movement of an alkyl group is called a 1,2-alkyl shift. 
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The dehydration of 3,3-dimethyl-2-butanol illustrates the rearrangement of a 2° to a 3° carboca- 
tion by a 1,2-methy] shift, as shown in Mechanism 9.3. The carbocation rearrangement occurs 
in Step [3] of the four-step mechanism. 


ta Mechanism 9.3 A 1,2-Methyl Shift—Carbocation Rearrangement During Dehydration 


Steps [1] and [2] Formation of a 2° carbocation 


CH H HSO CHa H CHs H ¢ Protonation of the oxygen atom 
CHy—G—C—CH, a Sek CHs—C——C—CHs er CH,—C-—C-CH, on the alcohol in Step [1] forms a 
Í ih . 
CH :OH m 1] CH3 `OH CHa good leaving group (H20), and loss 
\_H=-OSO3H 2° carbocation of H20 in Step [2] forms a 2 
3,3-dimethyl- + HSO% + Hö: carbocation. 
2-butanol 


Step [3] Rearrangement of the carbocation by a 1,2-CHs shift 


| KEY STEP E CH H 4c ehitt CH H è 1,2-Shift of a CH3 group from one 
CH,—C—C-CH, a= CH;—C—C-CH, carbon to the adjacent carbon 
Shift one CH3 group. ——> CH, i j CH, converts the 2° carbocation to a 


ka more stable 3° carbocation. 
3° carbocation 


i 2° carbocation 
tess stable 


more stable 
Step [4] Loss of a proton to form the n bond 
PEPER 
qe a ay prs Loss of a proton f b 
\ e 
CH3—C—-C—CH, me + HS0; oss of a proton from a B carbon 
+ I F AS (labeled B, and B2) forms two 
ay GAs CH3 / CH3 different alkenes. 
öt By 
Hs“ h Hs H Oh 
| 
eH G—ÇH-CH; —> foe + HS0, 
Bo CH; H dda 
CH3 


Steps [1], [2], and [4] in the mechanism for the dehydration of 3,3-dimethyl-2-butanol are exactly 
the same steps previously seen in dehydration: protonation, loss of HO, and loss of a proton. 
Only Step [3], rearrangement of the less stable 2° carbocation to the more stable 3° carbocation, 
is new. 


e 1,2-Shifts convert a less stable carbocation to a more stable carbocation. 


For example, 2° carbocation A rearranges to the more stable 3° carbocation by a 1,2-hydride shift, 
whereas carbocation B does not rearrange because it is 3° to begin with. 


| Rearrangement | NO rearrangement 


CH 
m ak ‘a 1,2-H shift a. H a CHg 
gon, HBO 
H CH, H 
A B 


2° carbocation 3° carbocation 3° carbocation 
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Sample Problem 9.3 illustrates a dehydration reaction that occurs with a 1,2-hydride shift. 


Sample Problem 9.3 Show how the dehydration of alcohol X forms alkene Y using a 1,2-hydride shift. 


H250, Cy + HO 


X Y 
major product 


:OH 


Solution 


Steps [1] and [2] Protonation of X and loss of H20 form a 2° carbocation. 


e i TOSOH 


+ HSO, 
protonation | 


Steps [3] and [4] Rearrangement of the 2° carbocation by a 1,2-hydride shift forms a more stable 
3° carbocation. Loss of a proton from a B carbon forms alkene Y. 


+ 


2° carbocation 


loss of the 
leaving group 


sot i: 


3° it cto 
1,2-H shift more stable deprotonation 


2° carbocation 


Problem 9.16 What other alkene is also formed along with Y in Sample Problem 9.3? What alkenes would form 
from X if no carbocation rearrangement occurred? 


Rearrangements are not unique to dehydration reactions. Rearrangements can occur whenever 
a carbocation is formed as reactive intermediate, meaning any Sy1 or El reaction. In fact, 
the formation of rearranged products often indicates the presence of a carbocation intermediate. 


Problem 9.17 Show how a 1,2-shift forms a more stable carbocation from each intermediate. 


a. (CHs)sCHCHCH;CH, bi Cy c. 
$ 


+ 


Problem 9.18 Explain how the reaction of (CH3)2CHCH(CI)CH; with H20 yields two substitution products, 
(CHg)2CHCH(OH)CHg and (CHg)sC(OH)CH2CHs. 
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9.10 Dehydration Using POCI; and Pyridine 


Because some organic compounds decompose in the presence of strong acid, other methods that 
avoid strong acid have been developed to convert alcohols to alkenes. A common method uses 
phosphorus oxychloride (POCI3) and pyridine (an amine base) in place of H,SO, or TsOH. For 
example, the treatment of cyclohexanol with POCI; and pyridine forms cyclohexene in good yield. 


SW OH 
| + POC} § ———_——~+ 
NÝ pyridine 


pyridine cyclohexanol cyclohexene 


elimination of H2O 


POCI; serves much the same role as strong acid does in acid-catalyzed dehydration. It converts 
a poor leaving group (OH) into a good leaving group. Dehydration then proceeds by an E2 
mechanism, as shown in Mechanism 9.4. Pyridine is the base that removes a B proton during 
elimination. 


{> Mechanism 9.4 Dehydration Using POCI; + Pyridine—An E2 Mechanism 


Steps [1] and [2] Conversion of OH to a good leaving group 


good 
f — leaving group 
: À M ) | 
ge ~E çi ö ~ e A two-step process converts an 
OH E ie 2-pocl, *~POCl. | OH group into OPOCI,, a good 
G [1] [2] - J leaving group: reaction of the 
+ cr OH group with POCI; followed 


,/ ~ by removal of a proton. 
+ HN 
‘ ) 


Two bonds are broken and two 
Poct bonds are formed in a single 
G +f step: the base (pyridine) removes 
ones — O^ “OPOCI, | + HN D a proton from the B carbon; the 
leaving group electron pair in the B C-H bond 
forms the new z bond; the leaving 
group (OPOCI,) comes off with 


the electron pair from the C-O 
bond. 


Step [3] The C-H and C—O bonds are broken and the x bond is formed. 
P nr bond 


e Steps [1] and [2] of the mechanism convert the OH group to a good leaving group. 
e In Step [3], the C-H and C-O bonds are broken and the x bond is formed. 


e No rearrangements occur during dehydration with POCI;, suggesting that carbocations are 
not formed as intermediates in this reaction. 


We have now learned about two different reagents for alcohol dehydration—strong acid (H2SO, 
or TsOH) and POCI; + pyridine. The best dehydration method for a given alcohol is often hard to 
know ahead of time, and this is why organic chemists develop more than one method for a given 
type of transformation. Two examples of dehydration reactions used in the synthesis of natural 
products are given in Figure 9.7. 
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Figure 9.7 
Dehydration reactions in the synthesis of two natural products 
new n bond 
H 
ie SQ 1] TSOH [-H,O0 Pe 
SAS “coc; J) TSOH EROI. OH 
[2] “OH 
vitamin A 
HO. OH 
POCIs CH;CO several 
CH3CO, H aa ji = “a — 

pyridine steps 
[-H,0] new t bond 


patchouli alcohol 


patchouli plant 


e Patchouli alcohol, obtained from the patchouli plant native to Malaysia, has been used in perfumery because of its exotic fragrance. 
In the 1800s, shawls imported from India were often packed with patchouli leaves to ward off insects, thus permeating the clothing 
with the distinctive odor. 


9.11 Conversion of Alcohols to Alkyl Halides with HX 


Alcohols undergo nucleophilic substitution reactions only if the OH group is converted into 
a better leaving group before nucleophilic attack. Thus, substitution does not occur when an 
alcohol is treated with X` because OH is a poor leaving group (Reaction [1]), but substitution 
does occur on treatment of an alcohol with HX because H,O is now the leaving group (Reac- 
tion [2]). 


ws E pen | poor leaving group 
[1] R-QH + X Me RX +| OH j Reaction does not occur. 


6 = R = im .... good leaving group 
aes be i k [H0 j — Reaction occurs. 


e The reaction of alcohols with HX (X = Cl, Br, I) is a general method to prepare 1°, 2°, 
and 3° alkyl halides. 


HB 
CH3CH»CH»—OH —— —CHACH,CH,—Br + HO 


CH, CH, 


H ] 
(T _ Ha On + HO 


More substituted alcohols usually react more rapidly with HX: 
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Problem 9.19 Draw the products of each reaction. 
CH3 


i HCI HI OH HB 
a. CHy—C—CH,CH, ——> b. Con c. aiiai y ae 


OH 


9.11A Two Mechanisms for the Reaction of ROH with HX 


How does the reaction of ROH with HX occur? Acid—base reactions are very fast, so the strong 
acid HX protonates the OH group of the alcohol, forming a good leaving group (H20) and a good 
nucleophile (the conjugate base, X`). Both components are needed for nucleophilic substitution. 
The mechanism of substitution of X` for HO then depends on the structure of the R group. 


good leaving group 
When there is an oxygen- 


containing reactant and a —*, ein Sy1 

strong acid, generally the R-QH + Mee —— ROH; | + |X — 7 AX + HO 
first step in the mechanism Sy2 

is protonation of the oxygen good nucleophile 

atom. 


| protonation | | nucleophilic attack ] 


e Methyl! and 1° ROH form RX by an Sy2 mechanism. 
e Secondary (2°) and 3° ROH form RX by an Sy1 mechanism. 
The reaction of CH;CH,OH with HBr illustrates the Sy2 mechanism of a 1° alcohol (Mechanism 


9.5). Nucleophilic attack on the protonated alcohol occurs in one step: the bond to the nucleo- 
phile X” is formed as the bond to the leaving group (H30) is broken. 


ta Mechanism 9.5 Reaction of a 1° ROH with HX—An Sy2 Mechanism 


Step [1] The O atom is protonated. 


fe FY [z PR 
CHCH—ỌH + H—Br: ——> CHCH:+ỌH;| + ‘Bri ¢ Protonation of the OH group forms a good leaving group 
(H20). 
good 
leaving group 
Step [2] The C-O bond is broken as the C- Br bond is formed. 
CHCH- ÖH; + |B |——> CH,CH,—Br: + HÖ: * Nucleophilic attack of Br“ and loss of the leaving group 
G occur in a single step. 
good 
nucleophile 


The reaction of (CH3)COH with HBr illustrates the Sy1 mechanism of a 3° alcohol (Mecha- 
nism 9.6). Nucleophilic attack on the protonated alcohol occurs in two steps: the bond to the 
leaving group (H320) is broken before the bond to the nucleophile X` is formed. 
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th Mechanism 9.6 Reaction of 2° and 3° ROH with HX—An Sy1 Mechanism 


Step [1] The O atom is protonated. 


ie (3. GHs + z 
CHa-G-OH + HBr ——* CH;—-Ọ + ‘Br: e Protonation of the OH group forms a good 
CH3 CH3 leaving group (H20). 


good 
leaving group 


Steps [2] and [3] The C-O bond is broken, and then the C- Br bond is formed. 


Te. [2] cs ya 6 as 
Che -Ooree cH SCH, + [BE CH3—ÇỌ—Br: e Loss of the leaving group in Step [2] forms a 
CH3 zarbocalion good CH carbocation, which reacts with the nucleophile 
rages nucleophile (Br) in Step [3] to form the substitution product. 
pO 


loss of the 


leaving group nucleophilic attack 


Both mechanisms begin with the same first step—protonation of the O atom to form a good leav- 
ing group—and both mechanisms give an alkyl halide (RX) as product. The mechanisms differ 
only in the timing of bond breaking and bond making. 


The reactivity of hydrogen halides increases with increasing acidity: 
H-Cl H-Br H-I 


Increasing reactivity toward ROHN > 


Because CI is a poorer nucleophile than Br or T, the reaction of 1° alcohols with HCl occurs 
only when an additional Lewis acid catalyst, usually ZnCl, is added. ZnCl, complexes with the 
O atom of the alcohol in a Lewis acid—base reaction, making a leaving group and facilitating the 
Sp2 reaction. 


E I doce Sy2 
| 1° Aleohots | RCH,—GH + ZnCl —> RCH, O-H ——+ RCH,—Gl: + ZnCI,(OH) 
Lewis base Lewis acid g” leaving group 


Cr 
Knowing the mechanism allows us to predict the stereochemistry of the products when reaction 


occurs at a stereogenic center. 


CH, H H CHa 


Ne HB sf 
e) Seo n adf l e no 
j Ñ 
Ds B P 
1° alcohol product of Inversion 
CH4CHa S ° CHCH 2 oe 
CH Boa = CHCH 
s~] sgg O Neo + acel e? 20 


3° alcohol 
| racemic mixture | 


e The 1° alcohol A reacts with HBr via an Sy2 mechanism to yield the alkyl bromide B with 
inversion of stereochemistry at the stereogenic center. 

e The 3° alcohol C reacts with HCI via an Sy1 mechanism to yield a racemic mixture of alkyl 
chlorides D and E, because a trigonal planar carbocation intermediate is formed. 
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Problem 9.20 


9.11B 


Sample Problem 9.4 


Draw the products of each reaction, indicating the stereochemistry around any stereogenic centers. 


OH 
Hy HO CH; 


bE HI CH3 HBr HCI 
a F b ‘OH — c 


CHgCHsCH, 


Carbocation Rearrangement in the S,1 Reaction 


Because carbocations are formed in the Sy1 reaction of 2° and 3° alcohols with HX, carbocation 
rearrangements are possible, as illustrated in Sample Problem 9.4. 


Draw a stepwise mechanism for the following reaction. 


CH H jj CH; H 
CHa—-¢—Ç-CH; y CHy-C—G-CH, + HO 
H OH Br 


Solution 
A 2° alcohol reacts with HBr by an Sy1 mechanism. Because substitution converts a 2° alcohol to 
a 3° alkyl halide in this example, a carbocation rearrangement must occur. 


Steps [1] and [2] Protonation of the O atom and then loss of H2O form a 2° carbocation. 


CH, H tt CH, H m CHs H 
CH= —Ç-CHs —— CH ẹ—Ç-CH ——— CH—Ọ—Ç-CH, + HÖ: 
HOH pA H (30H, j 
a FF 5 2° carbocation 
2° alcohol | + Br f 
proton transfer — _ loss of H0 


Steps [3] and [4] Rearrangement of the 2° carbocation by a 1,2-hydride shift forms a more 
stable 3° carbocation. Nucleophilic attack forms the substitution product. 


CH3 H (3) CH3 H (4] Gta H 
CH- G=- —— CH3—-C——-C—CH; ——— CH3—C—-C—CH, 
kaat er + i | | 
f BA f Br H 
1,2-H shift 3° carbocation nucleophilic 3° alkyl! halide 

attack 


Se O 
a. OH b. = OS c. 
i oe : 
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9.12 Conversion of Alcohols to Alkyl Halides with SOCI, and PBr3 
Primary (1°) and 2° alcohols can be converted to alkyl halides using SOC], and PBr3. 


e SOCI; (thionyl chloride) converts alcohols into alkyl chlorides. 
e PBr; (phosphorus tribromide) converts alcohols into alkyl bromides. 


Both reagents convert OH into a good leaving group in situ—that is, directly in the reaction 
mixture—as well as provide the nucleophile, either Cl or Br’, to displace the leaving group. 


9.12A Reaction of ROH with SOCI, 


The treatment of a 1° or 2° alcohol with thionyl chloride, SOC1,, and pyridine forms an alkyl 
chloride, with SO, and HCI as by-products. 


| General P i 
reaction | R-OH + SOCh ee R-Cl) +80, + HCI 


Exam les | CH,CH»—-OH + SOC —M——>  CH,CH,—Cl 
$ ee á pyridine a Boa 


(1° and 2° RCI are formed. | 


( Yo + SOCh ( Ya el 
pyridine 


The mechanism for this reaction consists of two parts: conversion of the OH group into a better 
leaving group, and nucleophilic attack by CI via an Sy2 reaction, as shown in Mechanism 9.7. 


{ò Mechanism 9.7 Reaction of ROH with SOCI, + Pyridine—An Sy2 Mechanism 


Steps [1] and [2] The OH group is converted into a good leaving group. 


äi Cl Cl e Reaction of the alcohol with SOCI, forms an 
[1] wiss [2] ` i i i i 
R-OH += a R-S al Lys 9 intermediate that loses a proton by reaction with 
cf D i - pyridine in Step [2]. This two-step process 
good leaving group converts the OH group into OSOCI, a good 
JN f ` leaving group, and also generates the 
N: $ Gr + 4 NH nucleophile (CI") needed for Step [3]. 
Step [3] The C-O bond is broken as the C -CI bond is formed. 
D 
GNSS [3] e Nucleophilic attack of CI’ and loss of the 
—> R-ËĞ: + SO, + Cr leaving group (SO, + CI’) occur in a single step. 
Cir 
Problem 9.22 Ifthe reaction of an alcohol with SOCI» and pyridine follows an Sy2 mechanism, what is the 


stereochemistry of the alkyl chloride formed from (2R)-2-butanol? 
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9.12B Reaction of ROH with PBr; 


In a similar fashion, the treatment of a 1° or 2° alcohol with phosphorus tribromide, PBr3, forms 
an alkyl bromide. 


| TA ta 
reaction rton | + PBrg —SS R el + HOPBr» 
| Examples | CH;CH;—OH + PBr ——————> CH,CH,—Br — 


1° and 2° RBr are formed. 


| 
OH + PBrz ————> = 
2; Cre 


The mechanism for this reaction also consists of two parts: conversion of the OH group into 
a better leaving group, and nucleophilic attack by Br via an Sy2 reaction, as shown in 
Mechanism 9.8. 


{S Mechanism 9.8 Reaction of ROH with PBr;—An Sn2 Mechanism 
Step [1] The OH group is converted into a good leaving group. 
+ Br e Reaction of the alcohol with PBr converts the OH 


good group into a better leaving group, and also generates 
nucleophile the nucleophile (Br~) needed for Step [2]. 


good 
leaving group 


Step [2] The C-O bond is broken as the C- Br bond is formed. 


R[O-P—Br ——> R=: + HOPBr, e Nucleophilic attack of Br and loss of the leaving 
Kaa H group (HOPBr,) occur in a single step. 


Table 9.2 summarizes the methods for converting an alcohol to an alkyl halide presented in Sec- 
tions 9.11 and 9.12. 


Table 9.2 Summary of Methods for ROH — RX p 
Overal! reaction Reagent Gomment 
ROH —> RCI HCI e Useful for all ROH 


e An S1 mechanism for 2° and 3° ROH; an Sy2 
mechanism for CHOH and 1° ROH 


SOCl» e Best for CH30H, and 1° and 2° ROH 
e An Sy2 mechanism 
ROH > RBr HBr e Useful for all ROH 


e An Sy mechanism for 2° and 3° ROH; an Sy2 
mechanism for CHOH and 1° ROH 


PBr3 e Best for CH3OH, and 1° and 2° ROH 
e An Sy2 mechanism 


ROH > RI HI e Useful for all ROH 
e An Sy1 mechanism for 2° and 3° ROH; an Sy2 
mechanism for CHOH and 1° ROH 
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Problem 9.23 Ifthe reaction of an alcohol with PBr; follows an Sy2 mechanism, what is the stereochemistry of the 
alkyl bromide formed from (2A)-2-butanol? 


Problem 9.24 Draw the organic products formed in each reaction, and indicate the stereochemistry of products 
that contain stereogenic centers. 


OH 
SOCI e PBr. 
a. PO COX OH miata. ae b. Pe ae =: c. OH ee 
pyridine 


9.12C The Importance of Making RX from ROH 


We have now learned two methods to prepare an alkyl chloride and two methods to prepare an 
alkyl bromide from an alcohol. If there is one good way to carry out a reaction, why search for 
more? A particular reagent might work well for one starting material, but not so well for another. 
Thus, organic chemists try to devise several different ways to perform the same overall reac- 
tion. For now, though, concentrate on one or two of the most general methods, so you can better 
understand the underlying concepts. 


Why are there so many ways to convert an alcohol to an alkyl halide? Alkyl halides are versatile 
starting materials in organic synthesis, as shown in Sample Problem 9.5. 


Sample Problem 9.5 Convert 1-propano! to butanenitrile (A). 


CH3gCHsCH2—OH CH3CH2CH3 —CN 


1-propanol butanenitrile 
A 


Solution 

Direct conversion of 1-propanol to A using “CN as a nucleophile is not possible because “OH is 
a poor leaving group. However, conversion of the OH group to a Br atom forms a good leaving 
group, which can then readily undergo an Sy2 reaction with “CN to yield A. This two-step 
sequence is our first example of a multistep synthesis. 


| Direct substitution is PESTS 
NOT possible. CHaCHaCHo7 OH + ICN —€-—- CH,CH,CH,—CN + “OH 
eee 


poor leaving group 


J 


Two steps are needed PBrą AA ton 
for substitution. CHsCH,CH.—-OH ——> CHsCH,CHyTBr =” CHaCHCHa=CN + Br 


8 A 


S 
| good leaving group 


The overall resuit: “CN replaces “OH. 
Problem 9.25 Draw two steps to convert (CHz)2CHOH into each of the following compounds: (CH3)2CHNg and 
(CH3)2CHOCH2CH3. 
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9.13 Tosylate—Another Good Leaving Group 


We have now learned two methods to convert the OH group of an alcohol to a better leaving 
group: treatment with strong acids (Section 9.8), and conversion to an alkyl halide (Sections 
9.11-9.12). Alcohols can also be converted to alkyl tosylates. 


An alkyl tosylate 


f | i 
Recall from Section 1.5 that ROH | of pon 
t 


a third-row element like sulfur t 

can have 10 or 12 electrons poor leaving group 

around it in a valid Lewis tosylate 
structure. good leaving group 


An alkyl tosylate is often called An alkyl tosylate is composed of two parts: the alkyl group R, derived from an alcohol; and 
simply a tosylate. the tosylate (short for p-toluenesulfonate), which is a good leaving group. A tosyl group, 
- CH,3C,.H,SO,-, is abbreviated as Ts, so an alkyl tosylate becomes ROTs. 


abbreviated as 


(@) oO 
as CH, = |Ts] R-O-S CH; = R-O-Ts | 
i 3 Ted i s= Pe 
(a 
tosyi group Ts 


(p-toluenesulfony! group) 


9.13A Conversion of Alcohols to Alkyl Tosylates 


Alcohols are converted to alkyl tosylates by treatment with p-toluenesulfony! chloride (TsCl) in 
the presence of pyridine. This overall process converts a poor leaving group (OH) into a good 
one (OTs). A tosylate is a good leaving group because its conjugate acid, p-toluenesulfonic acid 
(CH3CgH,SO3H, TsOH), is a strong acid (pK, = —7, Section 2.6). 


m ? J 
CH3CH—OH | + CH S-61 ———~ ChHh;CH;=0= : + N-H + CE 
= 6 pyridine =/ * 


poor p-toluenesulfonyl chloride 
J A —— 
leaving :group ey ae) CH3,CH,—O-Ts — good leaving group 


A tosylate (TsO) is similar to I~ 
in leaving group ability. 


(2S)-2-Butanol is converted to its tosylate with retention of configuration at the stereogenic 
center. Thus, the C—O bond of the alcohol must not be broken when the tosylate is formed. 


ye o ueh o 
a il 2 Al 
oth + ORK oH + $H- por $ G 
CH3CH2 (0) CHCH; HO 
(2S)-2-butanol “hy — 
"N A 
pyridine 
n EE u o 
| The C-O bond is NOT broken. — . — 
_ The configuration is retained. | ett) ot + 4 N 1-H 
i CHeCH, \. ie) 


S configuration 


Problem 9.26 Draw the products of each reaction, and indicate the stereochemistry at any stereogenic centers. 
H OH 


CH3CH,CH,CH,-OH + CH Á j cl b Y = 
a. = + A ——_— 
—— R er pyridine CHCHjCH; ~CHs pyridine 


9.13B 
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Reactions of Alkyl! Tosylates 


Because alkyl tosylates have good leaving groups, they undergo both nucleophilic substitu- 
tion and B elimination, exactly as alkyl halides do. Generally, alkyl tosylates are treated with 
strong nucleophiles and bases, so that the mechanism of substitution is Sy2 and the mechanism 
of elimination is E2. 


For example, ethyl tosylate, which has the leaving group on a 1° carbon, reacts with NaOCH; to 
yield ethyl methyl ether, the product of nucleophilic substitution by an Sy2 mechanism. It reacts 
with KOC(CHs)3, a strong bulky base, to yield ethylene by an E2 mechanism. 


———— 


Sample Problem 9.6 


Problem 9.27 


Two reacti | —_ pA Sy2 . 
| ee LPCHSCHa gars + Na*iQCH; ——*  CH3CH,—OCH, + Nat “OTs 
ethyl strong bitin 
tosylate nucleophile substitution 
i E2 
[2] Ht OHppTS r CH=CH; + Kt -OTs 
gore elimination + HOC(CHs), 
K* :OC(CHg)g 
strong, 


nonnucleophilic base 


Because substitution occurs via an Sy2 mechanism, inversion of configuration results when the 


leaving group is bonded to a stereogenic center. 


H CHa CHa 
| G 2H 
Backside attack | fey ors —— vc—é~ + -OTs 
CH3CH2 CHCH; 


H OTs 
eee 


Solution 


f 
| inversion of configuration 


Draw the product of the following reaction, including stereochemistry. 


Nat -OCH;CH3 


The 1° alkyl tosylate and the strong nucleophile both favor substitution by an Sy2 mechanism, which 
proceeds by backside attack, resulting in inversion of configuration at the stereogenic center. 


es C. 
D 


1° tosylate 


CH,CH,0: H 


S 


+ Nat-OTs 
D 


The nucleophile attacks from the back. 


the products. 


b. CHgCH;CH»—OTs + K*~OC(CHs)s3 


— 


Draw the products of each reaction, and include the stereochemistry at any stereogenic centers in 


H OTs 
c. CHs—C 
CHCH2CH3 
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9.13C The Two-Step Conversion of an Alcohol to a Substitution Product 


We now have another two-step method to convert an alcohol to a substitution product: 
reaction of an alcohol with TsCl and pyridine to form an alkyl tosylate (Step [1]), followed by 
nucleophilic attack on the tosylate (Step [2]). 


ent TsCl ¢Nu7 EA E 
R-OH ———— R—-OTs ———> R+Nu + OTs 
pail pyridine [2] EH 


[1] | 


Overall process—Nucleophilic substitution 


Let’s look at the stereochemistry of this two-step process. 


¢ Step [1], formation of the tosylate, proceeds with retention of configuration at a stereogenic 
center because the C—O bond remains intact. 
e Step [2] is an Sy2 reaction, so it proceeds with inversion of configuration because the 
nucleophile attacks from the back side. 
e Overall there is a net inversion of configuration at a stereogenic center. 
For example, the treatment of cis-3-methylcyclohexanol with p-toluenesulfonyl chloride and 


pyridine forms a cis tosylate A, which undergoes backside attack by the nucleophile OCH; to 
yield the trans ether B. 


cis isomer cis isomer trans isomer 
-OCH 
OH RE OTs 3 "iu OCH3 

pyridine 
[1] (2) 
i R 

retention | inversion 

of configuration of configuration 


Overall result—Inversion 


Problem 9.28 Draw the products formed when (2S)-2-butanol is treated with TsCl and pyridine, followed by 
NaOH. Label the stereogenic center in each compound as R or S. What is the stereochemical 
relationship between the starting alcohol and the final product? 


9.13D ASummary of Substitution and Elimination Reactions of Alcohols 


The reactions of alcohols in Sections 9.8—9.13C share two similarities: 


e The OH group is converted into a better leaving group by treatment with acid or 
another reagent. 

e The resulting product undergoes either elimination or substitution, depending on the 
reaction conditions. 


Figure 9.8 summarizes these reactions with cyclohexanol as starting material. 
Proplem 9.29 Draw the product formed when (CHg)2CHOH is treated with each reagent. 

a. SOCI, pyridine e. H250; e. PBrg, then NaCN 

b. TsCl, pyridine d. HBr f. POCla, pyridine 


Figure 9.8 

Summary: Nucleophilic 
substitution and B elimination 
reactions of alcohols 


9.14 


Because ethers are so 
unreactive, diethyl ether and 
tetrahydrofuran (THF) are 
often used as solvents for 
organic reactions. 
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HS0, 


on 


or 
POCI3 
pyridine 


HX or 
SOCI, or PBr3 


TsCl : 


a ~’ 
or B: 


Q 
Q 


pyridine 


x Hue Nu 
or B: or 

bi E “au 
ol 


Reaction of Ethers with Strong Acid 


Recall from Section 9.7B that ethers have a poor leaving group, so they cannot undergo nucleophilic 
substitution or ĝ elimination reactions directly. Instead, they must first be converted to a good leaving 
group by reaction with strong acids. Only HBr and HI can be used, though, because they are strong 
acids that are also sources of good nucleophiles (Br and T, respectively). When ethers react with 
HBr or HI, both C—O bonds are cleaved and two alkyl halides are formed as products. 


General reaction | R-O-R' + H-X —*» RX + R-X + HO 
(2 equiv) t Î 
(X=Bror]) Two new C —X bonds are formed. 


Two C—O bonds are broken. 


Examples | CH3—O-CH,CH; + HBr ——> CH3z—Br + CH3CH»—Br + HO 
(2 equiv) 
CHg CHa 
CHs—C-O-CHg + H —~> CHs—C—I + CH;-I + H0O 
CH3 (2 equiv) CH3 


HBr or HI serves as a strong acid that both protonates the O atom of the ether and is the source 
of a good nucleophile (Br or I). Because both C-O bonds in the ether are broken, two succes- 
sive nucleophilic substitution reactions occur. 


e The mechanism of ether cleavage is Syi or Sy2, depending on the identity of R. 

e With 2° or 3° alkyl groups bonded to the ether oxygen, the C-O bond is cleaved by an 
Sy1 mechanism involving a carbocation; with methyl or 1° R groups, the C-O bond is 
cleaved by an Sy2 mechanism. 


For example, cleavage of (CH3)3COCH; with HI occurs at two bonds, as shown in Mechanism 
9.9. The 3° alkyl group undergoes nucleophilic substitution by an Syl mechanism, resulting in 
the cleavage of one C—O bond. The methyl group undergoes nucleophilic substitution by an Sy2 
mechanism, resulting in the cleavage of the second C—O bond. 
This bond is cleaved by an Sy1 mechanism. 
rigs 
CHs—C*O5CHs + HI 
CH3 
This bond is cleaved by an Sy2 mechanism. 
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A Mechanism 9.9 Mechanism of Ether Cleavage in Strong Acid— 
(CH3)3COCH3 + HI — (CH3)3CI + CH3I + HO 


Part [1] Cleavage of the 3° C-O bond by an Sy1 mechanism 


QHs [1] ÇH i 
CHy—C—Q-CHg + Hol —- CH3—C—Q=CHg +P 
CH, = CHa 
good good 
leaving group nucleophile 
ÇH H, [2] Tia. isl Th 
CHa GETH OH nm Zs + iL: —— CHa—C— I}: 
CH3 CH% + CHy CH, 
carbocation 4 
This C—O bond is broken. H—G—CH, 


This C—O bond is broken in Part [2]. 


Part [2] Cleavage of the CH3- O bond by an Sy2 mechanism 
“NO © 


of X, ] 
CHz-OH + H= ——— 


i. A 
CHg—QHs} + iJ; 


good 
leaving group 


ka [5] 


¢ Protonation of the O atom forms a good 
leaving group in Step [1]. Cleavage of the 
C—O bond then occurs in two steps: the 
bond to the leaving group is broken to form 
a carbocation, and then the bond to the 
nucleophile (I~) is formed. This generates 
one of the alkyl iodides, (CH3)3CI. 


¢ Protonation of the OH group forms a good 
leaving group (H20), and then nucleophilic 
attack by I forms the second alkyl iodide, 
CHgI, and H,0. 


p Y 
CHor OHe + iE 


-— > 


CH | + HÖ: 


good 
nucleophile 


This C—O bond is broken. 


The mechanism illustrates the central role of HX in the reaction: 


e HX protonates the ether oxygen, thus making a good leaving group. 
e HX provides a source of X~ for nucleophilic attack. 


Problem 9.30 What alkyl halides are formed when each ether is treated with HBr? 


G: ( Yoon, 


Explain why the treatment of anisole with HBr yields phenol and CHBr, but not bromobenzene. 


T HBr, C Jo + CHBr TE 


anisole phenol bromobenzene 


a. CHsCH,—O—CH,CH, b. (CH3)2CH-0O-CH;CH; 


Problem 9.31 
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9.15 Reactions of Epoxides 


Although epoxides do not contain a good leaving group, they contain a strained three-membered 
ring with two polar bonds. Nucleophilic attack opens the strained three-membered ring, 
making it a favorable process even with the poor leaving group. 


EEE. T Om as 

| g :07 +— leavi 

ln A strained : | SA E O eaving group 
_ three-membered ring | worn) —— gC Cun 

— PA Wi 
Nu 
*Nu- 
new bond 


This reaction occurs readily with strong nucleophiles, and with acids like HZ, where Z is a 
nucleophilic atom. 


o H OH 


— - Ha, 

| Reaction with a P dy née ae a | 

strong nucleophile | H7 VoH [2] H2O / NH 

| H NG H iaaii a 


The nucleophile opens the | 
three-membered ring. 


ö at! OH - : 
PEIR EN 4 | 
| Reaction with HZ | Hoge Coun oe ee 


/ 
H cl H 


9.15A Opening of Epoxide Rings with Strong Nucleophiles 
Virtually all strong nucleophiles open an epoxide ring by a two-step reaction sequence: 


leaving group 


General | CO „n 0 H,0 „ÖH 
reaction! w» C=C, —— pCa ———> eo Cw, + “OH 
L N 1 xy 2 cY 
¢ i ial [1] nil, [2] Ni | f 


two functional groups 
on adjacent atoms 


¢ Step [1]: The nucleophile attacks an electron-deficient carbon of the epoxide, thus cleaving 
a C-O bond and relieving the strain of the three-membered ring. 


e Step [2]: Protonation of the alkoxide with water generates a neutral product with two func- 
tional groups on adjacent atoms. 


Common nucleophiles that open epoxide rings include “OH, OR, CN, SR, and NH3. With these 
strong nucleophiles, the reaction occurs via an Sy2 mechanism, resulting in two consequences: 


e The nucleophile opens the epoxide ring from the back side. 


H g- H OH 
SA Hg 7 HO — Hae, 
a 2 AS 
= me HH gO oT 
The nucleophile attacks H k’ H [1] CH.0: Fu CHG: Aa 
` from below the IÖCHz l s% 3% 
__ three-membered ring. w . 
A | Sy2 | CH,O and OH are anti 
backside attack in the product. 


t 
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Other examples of the 
nucleophilic opening of 
epoxide rings are presented in 
Sections 12.6 and 20.14. 


Problem 9.32 
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e In an unsymmetrical epoxide, the nucleophile attacks at the less substituted carbon 


atom. 
| less substituted C | 
V4 (Om H HO H 
P \ gH HzO \ gH 
CH wyC— Cen —e CH wiG—C B - CH wan —C 
37 y [1] a4 \ [2] 34 
CH3 (_ H CH, :SCH, CH, —:SCHg 
‘SCH 


Draw the product of each reaction, indicating the stereochemistry at any stereogenic centers. 
CH3 


a. ( Do 


1,2-Epoxycyclohexane is a symmetrical epoxide that is achiral because it possesses a plane of 
symmetry. It reacts with OCH3, however, to yield two trans-1,2-disubstituted cyclohexanes, A 
and B, which are enantiomers; each has two stereogenic centers. 


, „OCH „ jOH 
wa 
NOH "OCH, 


A B 


l J 


i denotes a stereogenic center] 


[1] CH3CH207 a 
[2] H2O 


[1] H-c=c-7 
[2] H2O 


[1] “OCH, 
[2] H2O 


plane of | 


HE- 


symmetry | 


1,2-epoxycyclohexane 


achiral starting material 


In this case, nucleophilic attack of “OCH; occurs from the back side at either C-O bond, 
because both ends are equally substituted. Because attack at either side occurs with equal 
probability, an equal amount of the two enantiomers is formed—a racemic mixture. This is a 
specific example of a general rule concerning the stereochemistry of products obtained from an 


achiral reactant. 


H H 
f.. H :QCH, 
:ÖCH3 ? 


The nucleophile attacks fro A 


below at either side. | enantiomers | 


H :ỌCH; 


3 


| trans products | 


"d 


o> H20 
N 2 i> 
E N j CHO: H CHO: H 
:1OCH3 B 


e Whenever an achiral reactant yields a product with stereogenic centers, the product 
must be achiral (meso) or racemic. 


This general rule can be restated in terms of optical activity. Recall from Section 5.12 that achiral 
compounds and racemic mixtures are optically inactive. 


e Optically inactive starting materials give optically inactive products. 
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Problem 9.33 The cis and trans isomers of 2,3-dimethyloxirane both react with OH to give 2,3-butanediol. One 
stereoisomer gives a single achiral product, and one gives two chiral enantiomers. Which epoxide 
gives one product and which gives two? 


Ls A 
she cleans a a Hay “NCH, 
CH3 Non, CH3 Ni 
cis-2,3-dimethyloxirane one enantiomer of 


trans-2,3-dimethyloxirane 


9.15B Reaction with Acids HZ 
Acids HZ that contain a nucleophile Z also open epoxide rings by a two-step reaction sequence: 


leaving group 


af CHIZ j a 

General O (a CO: :OH 
reaction i l a ——~ o 
oO N [1] “2 V [2] Z| {* 


two functional groups 
on adjacent atoms 


e Step [1]: Protonation of the epoxide oxygen with HZ makes the epoxide oxygen into a good 
leaving group (OH). It also provides a source of a good nucleophile (Z~) to open the epoxide 
ring. 

e Step [2]: The nucleophile Z then opens the protonated epoxide ring by backside attack. 


These two steps—protonation followed by nucleophilic attack—are the exact reverse of 
the opening of epoxide rings with strong nucleophiles, where nucleophilic attack precedes 
protonation. 


HCI, HBr, and HI all open an epoxide ring in this manner. H,O and ROH can, too, but acid 
must also be added. Regardless of the reaction, the product has an OH group from the epoxide 
on one carbon and a new functional group Z from the nucleophile on the adjacent carbon. With 
epoxides fused to rings, trans-1,2-disubstituted cycloalkanes are formed. 


E o att 9H 

E l YN HB A 

S wy 2 Sode, 
H H Br H 


HzO OH OH 
Q HSO * 
alii “OH ‘OH 
| enantiomers | 


Although backside attack of the nucleophile suggests that this reaction follows an Sy2 mecha- 
nism, the regioselectivity of the reaction with unsymmetrical epoxides does not. 


e With unsymmetrical epoxides, nucleophilic attack occurs at the more substituted 
carbon atom. 
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For example, the treatment of 2,2-dimethyloxirane with HCI results in nucleophilic attack at the 
carbon with two methyl groups. 


more substituted C 


\ O CHa OH 
IN HCI CHga% / 
CH wi—C 'H E.. C—G. 
2,2-dimethy! A = / VH 
yloxirane CH4 | H ci H 


The nucleophile attacks here. 


Backside attack of the nucleophile suggests an Sy2 mechanism, but attack at the more substituted 
carbon suggests an Syl mechanism. To explain these results, the mechanism of nucleophilic 
attack is thought to be somewhere in between Syl and Sy2. 


Figure 9.9 illustrates two possible pathways for the reaction of 2,2-dimethyloxirane with HCl. 
Backside attack of Cl” at the more substituted carbon proceeds via transition state A, whereas 
backside attack of CT at the less substituted carbon proceeds via transition state B. Transition 
state A has a partial positive charge on a more substituted carbon, making it more stable. 
Thus, the preferred reaction path takes place by way of the lower energy transition state A. 


Opening of an epoxide ring with either a strong nucleophile :Nu or an acid HZ is regioselective, 
because one constitutional isomer is the major or exclusive product. The site selectivity of these 
two reactions, however, is exactly the opposite. 


_ With a strong nucleophile: N HO H 
[1] “OCH, \ H 


C—C a CH,O ends up on the 
[2] H2O CH3"Y \ less substituted C. 
_ CH, OCH; 
Fai 
d %5 
A my KG H 
vo S 
= CH3 OH 
With acid: > CHOH CHa of CH,0 ends up on the 
———— HSO, / V“H more substituted C. 
CH,0 H 
Figure 9.9 The more substituted C is more able 
Opening of an unsymmetrical to accept a partial positive charge. 
epoxide ring with HCl Hg Fs 
H t 
5t 4 CH3 OH 
A CHa, / 
[2] CHG OX H l P KH 
CH3 wg H Gi: 
iC 
èj g = ë: Ay more stable This product is formed. 
rr Y KR transition state 
wC — Cin, C—O, A 
YH [1] P NH 
we H car H t 
2,2-dimethyloxi + ËF H 
yloxirane C 5 i: i HQ H A 
aa 
Cha Wh PH —X—> ch = 
a CH3 :Cl: 
OR 
less stable 
transition state 
B 


e Transition state A is lower in energy because the partial positive charge (8") is located on the more 
substituted carbon. In this case, therefore, nucleophilic attack occurs from the back side (an Sy2 
characteristic) at the more substituted carbon (an Sy1 characteristic). 
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Figure 9.10 O CeHs 
The synthesis of two 
bronchodilators uses the pn BR AS Ag lt "Nn 
opening of an epoxide ring. 9 
CH, COOCH; 
CgHs 
CeHs5 
a if CH Q y 
DANI NSZ OSO NYAN 
(e) d NANA GTN 


" Vme] - 
GH COOCH | new C-N bond two steps HO 
KE 3 E Generic name: salmeterol 


CsHs HO Trade name: Serevent 


N QH y QH H 
HÑ N N 
s A y — X 
O HO 
7~o new C-N bond | 


HO 


Generic name: albuterol 
Trade names: Proventil, Ventolin 


e A key step in each synthesis is the opening of an epoxide ring with a nitrogen nucleophile to form 
anew C-N bond. 


e With a strong nucleophile, :Nu attacks at the less substituted carbon. 
e With an acid HZ, the nucleophile attacks at the more substituted carbon. 


The reaction of epoxide rings with nucleophiles is important for the synthesis of many biologi- 
cally active compounds, including salmeterol and albuterol, two bronchodilators used in the 


treatment of asthma (Figure 9.10). 


Problem 9.34 Draw the product of each reaction. 


on Og o, CH3CH,OH 
n a HBr o. CHCH YN" aH, 
CHsCH, H H,SO, 
CH ö 
1]7CN 1] CH;07 
b. ©: g d. CH CH rt aN 
[2] H2O CHCH; H [2] CH;OH 


9.16 Application: Epoxides, Leukotrienes, and Asthma 


The opening of epoxide rings with nucleophiles is a key step in some important biological 
processes. 


9.16A Asthma and Leukotrienes 


Asthma is an obstructive lung disease that affects millions of Americans. Because it involves 
episodic constriction of small airways, bronchodilators such as albuterol (Figure 9.10) are used 
to treat symptoms by widening airways. Because asthma is also characterized by chronic inflam- 
mation, inhaled steroids that reduce inflammation are also commonly used. 
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Leukotrienes were first 
synthesized in 1980 in the 
laboratory of Professor E. J. 
Corey, the 1990 recipient of the 
Nobel Prize in Chemistry. 


9.16B 


The leukotrienes are molecules that contribute to the asthmatic response. A typical example, 
leukotriene C4, is shown. Although its biological activity was first observed in the 1930s, the 
chemical structure of leukotriene C, was not determined until 1979. Structure determination and 
chemical synthesis were difficult because leukotrienes are highly unstable and extremely potent, 
and are therefore present in tissues in exceedingly small amounts. 


OH 


ee 
| CHCONHCH,COOH 
| NHCOCH2CHÇHCOOH 
| NH3 


leukotriene C4 


abbreviated structure 


Leukotriene Synthesis and Asthma Drugs 


Leukotrienes are synthesized in cells by the oxidation of arachidonic acid to 5-HPETE, which is 
then converted to an epoxide, leukotriene Ay. Opening of the epoxide ring with a sulfur nucleo- 
phile RSH yields leukotriene C4. 


— — COOH 
Ss — Osh, lipoxygenase 
arachidonic acid (anenzyme) 5-HPETE 
Q. 
ANANA COOH 
esthi 


The nucleophile attacks here. 


leukotriene C4 


leukotriene A4 


New asthma drugs act by blocking the synthesis of leukotriene C4 from arachidonic acid. For 
example, zileuton (trade name Zyflo) inhibits the enzyme (called a lipoxygenase) needed for the 
first step of this process. By blocking the synthesis of leukotriene C4, a compound responsible for 
the disease, zileuton treats the cause of asthma, not just its symptoms. 

HO 


\ 


N—CONH 
mon 
S 


Generic name: zileuton 
Trade name: Zyflo 
anti-asthma drug 
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9.17 Application: Benzo[a]pyrene, Epoxides, and Cancer 


= Benzo[a]pyrene is a widespread environmental pollutant, produced during the combustion of 
all types of organic material—gasoline, fuel oil, wood, garbage, and cigarettes. It is a polycyclic 
aromatic hydrocarbon (PAH), a class of compounds that are discussed further in Chapter 17. 


CO oxidation 
= SAISON 
ae several steps 


benzo[a]pyrene a diol epoxide 


The sooty exhaust from trucks 
and buses contains PAHs such 


water insoluble more water soluble 


as benzo[a]pyrene. After this nonpolar and water-insoluble hydrocarbon is inhaled or ingested, it is oxidized in the 
` liver to a diol epoxide. Oxidation is a common fate of foreign substances that are not useful nutri- 
ents for the body. The oxidation product has three oxygen-containing functional groups, making 
it much more water soluble, and more readily excreted in urine. It is also a potent carcinogen. 
The strained three-membered ring of the epoxide reacts readily with biological nucleophiles 
(such as DNA or an enzyme), leading to ring-opened products that often disrupt normal cell 
function, causing cancer or cell death. 


biological nucleophile ——> -:Nu7 


o) 


s, 
2 
aye 


reactive epoxide — = 


HO" 
OH OH 
carcinogen 


These examples illustrate the central role of the nucleophilic opening of epoxide rings in two 
well-defined cellular processes. 


KEY CONCEPTS i 


Alcohols, Ethers, and Epoxides 
General Facts about ROH, ROR, and Epoxides 


e All three compounds contain an O atom that is sp? hybridized and tetrahedral (9.2). 

e All three compounds have polar C- O bonds, but only alcohols have an O-H bond for intermolecular hydrogen bonding (9.4). 

e Alcohols and ethers do not contain a good leaving group. Nucleophilic substitution can occur only after the OH (or OR) group is 
converted to a better leaving group (9.7A). 

e Epoxides have a leaving group located in a strained three-membered ring, making them reactive to strong nucleophiles and acids 
HZ that contain a nucleophilic atom Z (9.15). 


A New Reaction of Carbocations (9.9) 
e Less stable carbocations rearrange to more stable carbocations by the shift of a hydrogen atom or an alkyl group. 


| | 1,2-shift | | 
—o-¢— ee —$-¢— 
a” R 
(or H) (or H) 


e Besides rearranging, a carbocation can also react with a nucleophile (7.13) and a base (8.6). 
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Prenaration of Alcohols, Ethers, and Epoxides (9.6} 


[1] Preparation of alcohols 


= Z e The mechanism is S,2. 
R= | ay RRON | tX e The reaction works best for CH3X and 1° RX. 


[2] Preparation of alkoxides—A Brgnsted-Lowry acid-base reaction 


R-O-H + NH ——» R-O- | Nat + Hp 


alkoxide 


[3] Preparation of ethers (Williamson ether synthesis) 
R-X + “OR }-—+ R-OR | + X e The mechanism is Sy2. 
e The reaction works best for CH3X and 1° RX. 


[4] Preparation of epoxides—Intramolecular Sy2 reaction 


e A two-step reaction sequence: 


B \ A. we ream [1] The removal of a proton with base forms an 
H-Q: Š nt æ 2 X F alkoxide. 
Y Vy CX y Xe i [2] An intramolecular Sy2 reaction forms the 
$ i epoxide. 
halohydrin H—Bt 


Reactions of Alcohols 
[1] Dehydration to form alkenes 
a. Using strong acid (9.8, 9.9) 
e Order of reactivity: R3COH > ReCHOH > RCH2OH. 


44 Ma. beg + HO e The mechanism for 2° and 3° ROH is E1— carbocations are 
h ÒH T GH intermediates and rearrangements occur. 
s 


e The mechanism for 1° ROH is E2. 
e The Zaitsev rule is followed. 


b. Using POCI; and pyridine (9.10) 


| l POCI, X 
| h ÒH | pyridine / 


+ HO e The mechanism is E2. 
e No carbocation rearrangements occur. 


[2] Reaction with HX to form RX (9.11) 


e Order of reactivity: R3COH > R2CHOH > RCH2OH. 

e The mechanism for 2° and 3° ROH is Sy1—carbocations are 
intermediates and rearrangements occur. 

e The mechanism for CH3OH and 1° ROH is Sy2. 


R-OH + H-X — j|R-X| + H,0 


[3] Reaction with other reagents to form RX (9.12) 


e Reactions occur with CHOH and 1° and 2° ROH. 


R-OH + SOCI, ——~> _ R-Cl 
a a= e The reactions follow an Sy2 mechanism. 


pyridine 


R-OH + PBrg ——> R-Br| 


[4] Reaction with tosyl chloride to form alkyl tosylates (9.13A) 
e The C-O bond is not broken, so the configuration 


(0 Q 
R-OH +CI—S CH, —— > R-0-Ẹ cH, ata stereogenic center is retained. 
i 3 pyridine i 3 
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Reactions of Alkyl Tosylates 
Alkyl tosylates undergo either substitution or elimination, depending on the reagent (9.13B), 


Nu” e Substitution is carried out with a strong :Nu7, so the 
| mechanism is Sy2. 
—¢-c— 
H OTs ee eee . . ‘ 
B: e Elimination is carried out with a strong base, so the mechanism 


is E2. 


Reactions of Ethers 
Only one reaction is useful: cleavage with strong acids (9.14). 


R-O-R’ + H-X = iX | + Rex l + H,O © With 2° and 3° R groups, the mechanism is Sy1. 
(2 equiv) e With CH3 and 1° R groups, the mechanism is Sy2. 
[X = Br or I] 


Reactions of Epoxides 
Epoxide rings are opened with nucleophiles :Nu“ and acids HZ (9.15). 
e The reaction occurs with backside attack, resulting in trans or 


A anti products. 
wi — Cn e With :Nu,, the mechanism is Sy2, and nucleophilic attack 
A N occurs at the less substituted C. 
e With HZ, the mechanism is between Sy1 and Sy2, and attack 
of Z occurs at the more substituted C. 
PROBLEMS ae 


Problems Using Three-Dimensional Models 
9.35 Name each compound depicted in the ball-and-stick models. 


iJ 
Te ad 20 w ug’ 
wie é +s W " r 
T S eg 0. Se 0 ovy Oe 
at N a A v PE 
v ev yY yy A 
w wW 
9.36 Answer each question using the ball-and-stick model of compound A. 
y 
oz.) ~ è a. Give the IUPAC name for A, including R,S designations for stereogenic centers. 
SO” @ b. Classify A as a 1°, 2°, or 3° alcohol. 
ə A, 2e c. Draw a stereoisomer for A and give its IUPAC name. 
e v d. Draw a constitutional isomer that contains an OH group and give its IUPAC name. 
A e. Draw a constitutional isomer that contains an ether and give its IUPAC name. 
f. Draw the products formed (including stereochemistry) when A is treated with each reagent: 


[1] NaH; [2] H2SO,; [3] POCls, pyridine; [4] HCI; [5] SOCI;, pyridine; [6] TsCl, pyridine. 


9.37 Draw the product and indicate the stereochemistry when the given alcohol is treated with each reagent: (a) HBr; (b) PBr3; 
(c) HCI; (d) SOCI, and pyridine. 


>? S y 


vy y JY 


w 
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Structure and Nomenclature 


9.38 a. Draw the structure of a 1°, 2°, and 3° alcohol with molecular formula C4H,0O. 
b. Draw the structure of an enol with molecular formula C,H,O. 


9.39 Give the IUPAC name for each alcohol, 


OH 
a, (CH3)sCHCH,CH,CH,OH d. Ho-{ on f. 
OH OH 
HQ H 
b. (CHg)yCHCH,CH(CH,CH,)CH(OH)CH,CH, e. $ 7 g. Es 
HO 4 HO” CH(CHa)2 


[Also label the stereogenic 
centers as Ror &.] 


OH 


9.40 Name each ether and epoxide. 


u ph 
(0) 
OCH,CH2CH, CH3 CH3 


9.41 Give the structure corresponding to each name. 


a. 4-ethyl-3-heptanol f. diisobutyl ether 

b. trans-2-methylcyclohexanol g. 1,2-epoxy-1,3,3-trimethylcyclohexane 
c. 2,3,3-trimethyl-2-butanol h. 1-ethoxy-3-ethylheptane 

d. 6-sec-butyl-7,7-diethyl-4-decanol i. (2R,3S)-3-isopropyl-2-hexanol 

e. 3-chloro-1,2-propanediol j. (2S)-2-ethoxy-1,1-dimethylcyclopentane 


9.42 Draw the eight constitutional isomers with molecular formula C5H420 that contain an OH group. Give the IUPAC name for each 


compound. Classify each alcohol as 1°, 2°, or 3°. 


Physical Properties 


9.43 Rank each group of compounds in order of: 
a. increasing boiling point: CH3;CH2,CH OH, (CH3)2>CHOH, CH3CH2OCH, 
b. increasing water solubility: CH3(CHz)s;0H, HO(CH2)gOH, CH3(CH»)4CHs 

9.44 Explain the observed trend in the melting points of the following three isomeric alcohols: (CH3)2>CHCH2OH (-108 °C), 
CH3CH2CH2CH20H (-90 °C), (CH3)3COH (26 °C). 


9.45 Why is the boiling point of 1,3-propanediol (HOCH2CH2CH2OH) higher than the boiling point of 1,2-propanediol 
[HOCHsCH(OH)CHsg] (215 °C vs. 187 °C)? Why do both diols have a higher boiling point than 1-butanol 
(CH3CH2zCH2CH2OH, 118 °C)? 


Alcohols 
9.46 Draw the organic product(s) formed when CH3CH2CH.2OH is treated with each reagent. 
a. H2850, d. HBr g. TsCl, pyridine 
b. NaH e. SOCI, pyridine h. [1] NaH; [2] CHs3CH,Br 
c. HCl + ZnCl, f. PBrg i. [1] TsCl, pyridine; [2] NaSH 
9.47 Draw the organic product(s) formed when 1-methylcyclohexanol is treated with each reagent. In some cases no reaction 
occurs. 
a. NaH c. HBr e. HS0, g. [1] NaH; [2] CH3CH,Br 


b. NaCl d. HCI f. NaHCO, h. POCIs, pyridine 


9.48 


9.49 
9.50 


9.51 


9.52 


9.53 


9.54 


9.55 


9.56 


9.57 


9.58 
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What alkenes are formed when each alcohol is dehydrated with TSOH? Label the major product when a mixture results. 


CHCH OH 
TOK d. CH,CH»CH,CH,OH a aad 


What three alkenes are formed when CH3CH2CHzCH(OH)CHs is treated with H»SO,? Label the major product. 


Draw the products formed when CH3CH2CH2CH,OTs is treated with each reagent. 
a. CH3SH b. NaOCH,CH3 c. NaOH d. KOC(CHs3)3 


Draw the products of each reaction and indicate stereochemistry around stereogenic centers. 


HBr SOCI, 
—> Cy ——_> 
aiaa 4 A pyridine 
HO H HO H 
b OH HCI ‘i TsCl KI 
` % ZnCl, ' ile: i pyridine 
H D HO H 


Draw the substitution product formed (including stereochemistry) when (2R)-2-hexanol is treated with each series of reagents: 
(a) NaH, followed by CHsgI; (b) TsCI and pyridine, followed by NaOCH;; (c) PBrs, followed by NaOCH3. Which two routes produce 
identical products? 


Draw a stepwise mechanism for the following reaction. 
OH 


Cy 80 OM CO oe 


Although alcohol V gives a single alkene W when treated with POCI, and pyridine, three isomeric alkenes (X-Z) are formed on 
KERRE with H2S0O;,. Draw a stepwise mechanism for each reaction and explain why the difference occurs. 


+ + 
“pyridine - 
Ww Xx Y Z 


HS0, 


Sometimes carbocation rearrangements can change the size of a ring. Draw a stepwise, detailed mechanism for the following 


reaction. 
OH HS0; X ET 


Explain the following observation. When 3-methyl-2-butanol is treated with HBr, a single alkyl bromide is isolated, resulting from 
a 1,2-shift. When 2-methyl-1-propanol is treated with HBr, no rearrangement occurs to form an alkyl bromide. 


An allylic alcohol contains an OH group on a carbon atom adjacent to a C— C double bond. Treatment of allylic alcohol A with 
HCI forms a mixture of two allylic chlorides, B and C. Draw a stepwise mechanism that illustrates how both products are formed. 


Cl 
— + 
OH CI 
c 


When CH3CH2CH2CH,OH is treated with HSO; + NaBr, CH3CH2CH2CH2Br is the major product, and CH3CH2CH= CH; and 
CH3CH2CHsCH2OCH2zCH2CH2CHs are isolated as minor products. Draw a mechanism that accounts for the formation of each 
of these products. 
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9.59 Draw a stepwise, detailed mechanism for the following reaction. 


OH H2504 
6 a | + H0O 
O 


9.60 Draw a stepwise, detailed mechanism for the following intramolecular reaction that forms a cyclic ether. 
H2504 = 
OH 4 


9.61 Draw two different routes to each of the following ethers using a Williamson ether synthesis. Indicate the preferred route (if there 
is one). 


OCH,CH,CH, 
a, Pgh b. Cy C. CH3CH2OCH2CH2CH3 


9.62 Explain why it is not possible to prepare the following ether using a Williamson ether synthesis. 


or 


9.63 Draw the products formed when each ether is treated with two equivalents of HBr. 


a. (CHg)3COCH,CH,CH, b. ( Yo ) c. O 


9.64 Draw a stepwise mechanism for each reaction. 


NaH 
a. LA o g + HO b. gg eH De - N Sy 2 tGd 
o (2 equiv) I 


Ethers 


(@) 
9.65 Draw a stepwise, detailed mechanism for the following reaction. 
OC(CHss CF COH = oe 
—> n + (C=CH, 
CH, 
Epoxides 
9.66 Draw the products formed when ethylene oxide is treated with each reagent. 
a. HBr d. [1] HC=C;; [2] H2O 
b. H20 (H2SO,) e. [1] “OH; [2] H2O 
c. [1] CH3CH20°; [2] H2O f. [1] CH3S7; [2] H2O 
9.67 Draw the products of each reaction. 
o O 
CHCH OH 
ang lg, er. 
CH3 H H2850, 


CH 9 
s wCHs [1] CHCH,O- Nat à [1] NaCN 
' O [2] HzO ' [2] H,O 


9.68 When each halohydrin is treated with NaH, a product of molecular formula C4H0 is formed. Draw the structure of the product 
and indicate its stereochemistry. 


OH 
Che, S ae a A g 
a r e b Pigs o, CH z ee 
HO yes HO H? H H” S 
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9.69 (a) What reaction conditions are needed to convert (2A)-2-ethyl-2-methyloxirane to (2R)-2-methyl-1,2-butanediol? (b) What 
reaction conditions are needed to convert (2A)-2-ethyl-2-methyloxirane to (2S)-2-methyl-1,2-butanediol? 


9.70 Devise a stepwise mechanism for the following reaction. 
O, 


o 
+  CH,CH,O7- ——> £ + er 
by CH,CH,OCH3 CH, 


Cl 


General Problems 
9.71 Draw the products of each reaction, and indicate the stereochemistry where appropriate. 


KOC(CH CH3CO,- 
a. Oor ee f. aia "a — —. 
H pyridine 
OH HBr 
k a Gent HBr. m o HBr 
H CH; 
A. [1] “CN (To [1] NaOCH; 
c. Cheha ETG ua. h. aua e 
CH oi B0 [2] HO 
OTs 
KCN OH NaH CHgCHoI 
d. (CH,)3C is 5 X _NaH 
CHCH; 
CH 
PBr. i 3 HI 
e. O -= Í. CHaCH;=C-0-0H; 9 = 
| (2 equiv) 


CH; 


9.72 Prepare each compound from CH3CH2CH2CH2OH. More than one step may be needed. 
a. CH3CH2CH,CH,Br b. CH3CH2CH2CH;,CI G: CH3CH2CH2CH2OCH2CH3 d. CH3CH2CH2CH2N3 


9.73 Prepare each compound from cyclopentanol. More than one step may be needed. 


a. 7 yea i Q z a 4 Om 


9.74 Identify the reagents (a-h) needed to carry out each reaction. 


(a) Cy" (b) 
Cr 


|o 
Br 
© NBS Ô (f) © 


{Hocl 


OH 
Ct oe he Oo 
E- O + enantiomer 
CI “OH 


nN © oe (d) 
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9.75 Propranolol, an antihypertensive agent used in the treatment of high blood pressure, can be prepared from 1-naphthol, 
epichlorohydrin, and isopropylamine using two successive nucleophilic substitution reactions. Devise a stepwise synthesis of 
propranolol from these starting materials. 


oN öğ 
OH — à 
DO | M [Ss Al (CH3)2CHNH;3 


propranolol 1-naphthol epichlorohydrin isopropylamine 


Challenge Problems 
9.76 Treatment of cis-4-bromocyclohexanol with HO” affords compound A and 3-cyclohexen-1-ol. Treatment of trans-4- 


bromocyclohexanol under the same conditions forms compound B and 3-cyclohexen-1-ol. A and B contain different functional 
groups and are not isomers of each other. Propose structures for A and B and offer an explanation for their formation. 


Hom{ =e Hom{ Yeer H Y 


cis-4-bromocyclohexanol trans-4-bromocyclohexanol 3-cyclohexen-1-ol 


9.77 Epoxides are converted to allylic alcohols with nonnucleophilic bases such as lithium diethylamide [LIN(CH2CHs)2]. Draw a 
stepwise mechanism for the conversion of 1,2-epoxycyclohexane to 2-cyclohexen-1-ol with this base. Explain why a strong 
bulky base must be used in this reaction. 


1] LIN(CH,CH 
a ee + HN(CH,CHs). + LiOH 
[2] H2O OH 


2-cyclohexen-1-ol 


9.78 Rearrangements can occur during the dehydration of 1° alcohols even though no 1° carbocation is formed—that is, a 1,2-shift 
occurs as the C- OH," bond is broken, forming a more stable 2° or 3° carbocation, as shown. Using this information, draw a 
stepwise mechanism that shows how CH3CH2,CH2CH2OH is dehydrated with HSO; to form a mixture of CHs3CH2,CH= CH; and 
the cis and trans isomers of CHCH = CHCH3. We will see another example of this type of rearrangement in Section 18.5C. 


H H ; 
| F | F4 1,2-shift | x 
R-Ç-CHz-0H — R çH OH» > R CGH, + H20: 
H = . H 
1° alcohol no 1° carbocation 2° carbocation 
at this step 


9.79 Draw a stepwise, detailed mechanism for the following reaction. 


HO 
AXD H50; otg wage 


9.80 Dehydration of 1,2,2-trimethylcyclohexanol with HSO; affords 1-tert-butylcyclopentene as a minor product. (a) Draw a 
stepwise mechanism that shows how this alkene is formed. (b) Draw other alkenes formed in this dehydration. At least one 


must contain a five-membered ring. 
OH 80,” O + other alkenes 


1,2,2-trimethylcyclohexanol 1-tert-butylcyclopentene 


9.81 


9.82 
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1,2-Diols are converted to carbonyl compounds when treated with strong acids, in a reaction called the pinacol rearrangement. 
(a) Draw a stepwise mechanism for this reaction. (Hint: The reaction proceeds by way of carbocation intermediates.) 

(b) Assuming that the pinacol rearrangement occurs via the more stable carbocation, draw the rearrangement product formed 
from diol D. 


ced H2504 ÇH o 
CHg—C—C—CHg —> CH s-C—C 

CH, CH3 CH, CH3 

pinacol pinacolone 


p= 
NaOH _ 


Aziridines are heterocycles that contain an N atom in a three-membered ring. Like epoxides, aziridines are strained and reactive 
because the 60° bond angles of the three-membered ring deviate greatly from the theoretical tetrahedral bond angle. One step 
in the synthesis of the drug oseltamivir (trade name Tamiflu, Section 3.2) involves the conversion of amine X to diamine Y, a 
reaction that occurs by way of an intermediate aziridine. Draw a stepwise mechanism for the conversion of X to Y. Indicate the 
structure of the aziridine intermediate, and explain the trans stereochemistry of the two amines in Y. 


i CO. CH CH o., CO CH2CH3 O., CO CHCH; 
et e ri 
aiy HN HN 


N 
H 


NH OS0,CH, HN 
oseltamivir X Y 


10.2 


10.3 
10.4 
10.5 
10.6 
10.7 
10.8 


10.9 


10.10 


10.11 


10.12 


10.13 


10.14 


10.15 
10.16 
10.17 
10.18 
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Calculating degrees 
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Nomenclature 
Physical properties 
Interesting alkenes 
Lipids—Part 2 
Preparation of alkenes 


Introduction to addition 
reactions 


Hydrohalogenation— 
Electrophilic addition 
of HX 


Markovnikov’s rule 


Stereochemistry of 
electrophilic addition 
of HX 


Hydration—Electrophilic 
addition of water 


Halogenation—Addition 
of halogen 


Stereochemistry of 
halogenation 


Halohydrin formation 
Hydroboration-oxidation 
Keeping track of reactions 


Alkenes in organic 
synthesis 


Stearic acid and oleic acid are fatty acids, compounds that contain a carboxy group (COOh) 
attached to the end of a long carbon chain. Stearic acid is a saturated fatty acid because 
each carbon atom in its long chain has the maximum number of bonds to hydrogen. Oleic 
acid is an unsaturated fatty acid because its carbon chain contains one (cis) double bond. 
The presence of a double bond greatly affects the chemical and physical properties of these 
fatty acids. In Chapter 10 we learn about alkenes, organic compounds that contain carbon- 
carbon double bonds. 


10.1 


Alkenes are also called olefins. 


10.1 Introduction 373 


In Chapters 10 and 11 we turn our attention to alkenes and alkynes, compounds that 
contain one and two 7 bonds, respectively. Because m bonds are easily broken, alkenes and 
alkynes undergo addition, the third general type of organic reaction. These multiple bonds 
also make carbon atoms electron rich, so alkenes and alkynes react with a wide variety of 
electrophilic reagents in addition reactions. 


In Chapter 10 we review the properties and synthesis of alkenes first, and then concentrate 
on reactions. Every new reaction in Chapter 10 is an addition reaction. The most chal- 
lenging part is learning the reagents, mechanism, and stereochemistry that characterize each 
individual reaction. 


Introduction 


Alkenes are compounds that contain a carbon-carbon double bond. Terminal alkenes have 
the double bond at the end of the carbon chain, whereas internal alkenes have at least one 
carbon atom bonded to each end of the double bond. Cycloalkenes contain a double bond in 
a ring. 


— } 
| Alkene 
W 
tec i ala a 
eT 
double bond terminal alkene internal alkene cycloalkene 


The double bond of an alkene consists of one o bond and one 7 bond. Each carbon is sp” hybrid- 
ized and trigonal planar, and all bond angles are approximately 120° (Section 8.2A). 


m bond 
H H 
< A œH 
t= = J120 = : 
/ \ N 
H H v ? H 
ethylene sp? hybridized o bond 


Bond dissociation energies of the C-C bonds in ethane (a o bond only) and ethylene (one © and 
one T bond) can be used to estimate the strength of the 7 component of the double bond. If we 
assume that the o bond in ethylene is similar in strength to the o bond in ethane (368 kJ/mol), 
then the 1 bond is worth 267 kJ/mol. 


CH=CH CH3—CH3 
635 kJ/mol — 368 kJ/mol = 267 kJ/mol 
(o + = bond) (o bond) t 


prm } 
_ «bond only | 


+ The x bond is much weaker than the o bond of a C~C double bond, making it much 
more easily broken. As a result, alkenes undergo many reactions that alkanes do not. 
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Other features of the carbon-carbon double bond, which were presented in Chapter 8, are sum- 
marized in Table 10.1. 


Tabie 16.1 Properties of the Carbon-Carbon Double Bond | 
Property iy Result 
Restricted rotation e The rotation around the C- C double bond is restricted. 


Rotation can occur only if the m bond breaks and then re-forms, a 
process that is unfavorable (Section 8.2B). 


Stereoisomerism e Whenever the two groups on each end of a C=C are different 
from each other, two diastereomers are possible. Cis- and trans- 
2-butene (drawn at the bottom of Table 10.1) are diastereomers 
(Section 8.2B). 


Stability e Trans alkenes are generally more stable than cis alkenes. 


¢ The stability of an alkene increases as the number of R 
groups on the C=C increases (Section 8.2C). 


1-butene n i trans-2-butene 


Cycloalkenes having fewer than eight carbon atoms have a cis geometry. A trans cycloalkene must 
have a carbon chain long enough to connect the ends of the double bond without introducing too 
much strain. trans-Cyclooctene is the smallest, isolable trans cycloalkene, but it is considerably less 
stable than cis-cyclooctene, making it one of the few alkenes having a higher energy trans isomer. 


LTS 
trans | cis 


trans-cyclooctene cis-cyclooctene 


Problem 10.1 Draw the six alkenes of molecular formula CsH4ọ. Label one pair of diastereomers. 


10.2 Calculating Degrees of Unsaturation 


An acyclic alkene has the general molecular formula C,H, giving it two fewer hydrogens 
than an acyclic alkane with the same number of carbons. 


e Alkenes are unsaturated hydrocarbons because they have fewer than the maximum 
number of hydrogen atoms per carbon. 


In Chapter 12 we will learn how Cycloalkanes also have the general molecular formula C,,H>,. Thus, each 7% bond or ring 
to use the hydrogenation of = removes two hydrogen atoms from a molecule, and this introduces one degree of unsatura- 


bonds to determine how many 
degrees of unsaturation result 
from n bonds and how many 
result from rings. 


tion. The number of degrees of unsaturation for a given molecular formula can be calculated by 
comparing the actual number of H atoms in a compound and the maximum number of H atoms 
possible. Remember that for n carbons, the maximum number of H atoms is 27 + 2 (Section 4.1). 
This procedure gives the total number of rings and m bonds in a molecule. 
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Sample Problem 10.1 Calculate the number of degrees of unsaturation in a compound of molecular formula C4H,, and 
propose possible structures. 


Solution 
[1] Calculate the maximum number of [2] Subtract the actual number of H’s from 
H’s possible. the maximum number and divide by two. 
e Forn carbons, the maximum number e 10 H’s (maximum) - 6 H’s (actual) = 
of H’s is 2n + 2; in this example, 4 H’s fewer than the maximum 
2n+2=2(4)+2=10. number. 


4 H’s fewer than the maximum 


2 H's removed for each degree 
of unsaturation 


two degrees of unsaturation 


A compound with two degrees of unsaturation has: 


| two rings | or two r bonds or one ring and one x bond | 
Possible structures ZA 
for CyHe: <> ee [| 


H—-C=C—CH,CH, 


This procedure can be extended to compounds that contain heteroatoms such as oxygen, nitrogen, 
and halogen, as illustrated in Sample Problem 10.2. 


Sample Problem 10.2 Calculate the number of degrees of unsaturation for each molecular formula: (a) CsH,O; 
(b) CgH14Cl; (c) CgHgN. Propose one possible structure for each compound. 


Solution 

a. You can ignore the presence of an O atom when calculating degrees of unsaturation; that is, 
use only the given number of C’s and H’s for the calculation (CsHs). 

[1] For 5 C’s, the maximum number of H’s = 2n + 2 = 2(5) + 2 = 12. 

[2] Because the compound contains only 8 H's, it has 12 — 8 = 4 H’s fewer than the maximum number. 


[3] Each degree of unsaturation removes 2 H's, so the answer in Step [2] must be divided by 2. 
Answer: two degrees of unsaturation 


b. A compound with a halogen atom is equivalent to a hydrocarbon having one more H; that is, 
CgH44Cl is equivalent to CgH;2 when calculating degrees of unsaturation. 

[1] For 6 C’s, the maximum number of H’s = 2n + 2 = 2(6) + 2 = 14. 

[2] Because the compound contains only 12 H’s, it has 14 —- 12 = 2 H's fewer than the maximum number. 


[3] Each degree of unsaturation removes 2 H’s, so the answer in Step [2] must be divided by 2. 
Answer: one degree of unsaturation 


c. A compound with a nitrogen atom is equivalent to a hydrocarbon having one fewer H; that 
is, CgHgN is equivalent to CgHg when calculating degrees of unsaturation. 


[1] For 8 C’s, the maximum number of H’s = 2n + 2 = 2(8) + 2 = 18. 

[2] Since the compound contains only 8 H’s, it has 18 - 8 = 10 H’s fewer than the maximum number. 

[3] Each degree of unsaturation removes 2 H’s, so the answer in Step [2] must be divided by 2. 
Answer: five degrees of unsaturation 


Possible structures: 
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Problem 10.2 How many degrees of unsaturation are present in each compound? 
a. CH2 b. CeHe C. CgHig d. C7HgO B: C7H,,Br È Cs5HgN 
Problem 10.3 Give an example of a compound with molecular formula CgH19 that satisfies each criterion. 
a. a compound with two n bonds c. a compound with two rings 
b. a compound with one ring and one n bond d. a compound with one triple bond 


10.3 Nomenclature 
e In the IUPAC system, an alkene is identified by the suffix -ene. 


10.3A General IUPAC Rules 


How To Name an Alkene 


Example Give the IUPAC name of the following alkene: 


CH3 CH3 
\ Vi 
C=C 
\ 
CH3 CHCHCHs 
CH 


Step [1] Find the longest chain that contains both carbon atoms of the double bond. 


CHg CH3 
X / 
C=C 
eH \ CH2ÇHCH; | e Change the -ane ending of the parent alkane to -ene. 
CH3 


6 C’s in the longest chain 


hexane ---> hexene 


Step [2] Number the carbon chain to give the double bond the lower number, and apply all other rules of nomenclature. 


a. Number the chain, and name using the b. Name and number the substituents. 
first number assigned to the C=C. 


iN prs, j CA fs . 
2 "WEG 14 Po | 
CH3 4 CH2CHCHa CH3 d ` CHoCHCH3 | 
) CHa CH3 


e Number the chain to put the C=C three methyl groups at C2, C3, and C5 
at C2, not C4. 


Answer: 2,3,5-trimethyl-2-hexene 
2-hexene 


Compounds with two double bonds are named as dienes by changing the -ane ending of the 
parent alkane to the suffix -adiene. Compounds with three double bonds are named as trienes, 
and so forth. Always choose the longest chain that contains both atoms of the double bond. In 
Figure 10.1, the alkene is named as a derivative of heptene because the seven-carbon chain con- 
tains both atoms of the double bond, but the eight-carbon chain does not. 


Figure 10.1 

Naming an alkene in which 
the longest carbon chain does 
not contain both atoms of the 
double bond 


Figure 10.2 


Examples of cycloalkene 
nomenclature 


CH3CH2CH = CH; is named as 
1-butene using the 1979 IUPAC 
recommendations and 
but-1-ene using the 1993 
IUPAC recommendations. The 
first convention is more widely 
used, so we follow it in this text. 


Problem 10.4 


Problem 10.5 


10.3B 
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AEH | jehh | 
| CH=C À CHEG, | 
A CH,CH,CH,CH,CH, | CH,CH,CH2CH2CH, | 
7C’s ---—> heptene 8 C’s 


Both C’s of the C=C are NOT 
contained in this long chain. 


Both C’s of the C=C are contained 
in this long chain. 


Correct: 2-ethyl-1-heptene Incorrect 


In naming cycloalkenes, the double bond is located between C1 and C2, and the “1” is usually 
omitted in the name. The ring is numbered clockwise or counterclockwise to give the first sub- 
stituent the lower number. Representative examples are given in Figure 10.2. 


1 2 
4 


| os i 
em 


1-methylcyclopentene 


f CH3 


3 
3-methyicycloheptene 


TOCH 
6 3 
1,6-dimethylcyclohexene 


Number counterclockwise beginning 
at the C=C and place the first CHg at C1. 


Number clockwise beginning at 
the C=C and place the CH, at C3. 


Compounds that contain both a double bond and a hydroxy group are named as alkenols, and the 
chain (or ring) is numbered to give the OH group the lower number. 


2-propen-1-ol 6-methyI-6-hepten-2-ol 


Give the IUPAC name for each alkene. 


c. LAL d. e. 


Give the IUPAC name for each polyfunctional compound. 
OH 


a. pE OH b. 
Ds 


Naming Stereoisomers 


a. CH2 = CHCH(CH3)CH2CH3 
b. (CHgCH2)oC = CHCH2CH2CH3 


i diia 


A prefix is needed to distinguish two alkenes when diastereomers are possible. 


Using Cis and Trans as Prefixes 


An alkene having one alkyl group bonded to each carbon atom can be named using the prefixes 
cis and trans to designate the relative location of the two alkyl groups. For example, cis-3-hexene 
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has two ethyl groups on the same side of the double bond, whereas trans-3-hexene has two ethyl 
groups on opposite sides of the double bond. 


_ CHCH2| | CHCH; | CHCH; H 
Ne A e pa / 
C=C C=G ~~. 
/ \ / fre 
| H H | H  CH»CH3 
2 P’s on the same side 2 R’s on opposite sides 
cis-3-hexene trans-3-hexene 


Using the Prefixes E and Z 


Although the prefixes cis and trans can be used to distinguish diastereomers when two alkyl 
groups are bonded to the C=C, they cannot be used when there are three or four alkyl groups 
bonded to the C=C. 


E stands for the German 
word entgegen meaning 
“opposite.” Z stands for the 


German word zusammen, CH3 CH3 CH3 CH2CH3 
meaning “together.” Using E,Z ‘=e \ 
nomenclature, a cis isomer has 


the Z configuration and a trans H e CHCH; CH3 


f Cc 
isomer has the E configuration. B 
Lo seam — 


For example, alkenes A and B are two different compounds that are both called 3-methyl-2- 
pentene. In A the two CH; groups are cis, whereas in B the CH; and CH,CH; groups are cis. The 
E,Z system of nomenclature has been devised to unambiguously name these kinds of alkenes. 


How To Assign the Prefixes E and Z to an Alkene 


Step [1] Assign priorities to the two substituents on each end of the C=C by using the priority rules for R,S 
nomenclature (Section 5.6). 


e Divide the double bond in half, and assign the numbers 1 and 2 to indicate the relative priority of the two groups on 
each end—the higher priority group is labeled 1, and the lower priority group is labeled 2. 


Divide the double bond in half. 


1 CH H | a] 
Sa 
[2] i \CHCH, 1| 
t 


t 


Assign priorities to each side of the C=C separately. 


Step [2] Assign E or Z based on the location of the two higher priority groups (1). 


Two higher priority groups on 
opposite sides 


Two higher priority groups on 


the same side 
RA be o 1 
2) ia = 
Eer phs 2i TCH, HCH, [i 
Ps, i = FR E 
BE CHCH | 1] [2] Ko Yon, 2 
E isomer Zisomer 
(2E)-3-methyl-2-pentene (2Z)-3-methyl-2-pentene 


e The E isomer has the two higher priority groups on the opposite sides. 
e The Z isomer has the two higher priority groups on the same side. 


Problem 10.6 


Problem 10.7 


11-cis-Retinal is the light- 
sensitive aldehyde that plays 
a key role in the chemistry 
of vision for all vertebrates, 
arthropods, and mollusks. 


Problem 10.8 


Problem 10.9 


10.3C 


Figure 10.3 


Naming alkenes with common 
substituent names 
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Label each C-C double bond as E or Z. Kavain is a naturally occurring relaxant isolated from 
kava root. 


OCH, 
CH, cl CH3CH CH,CH, 
y o F w af 
a C=C b. C=C c. 
/ \ / \ N 
H Br H CH3 CH5 O 


kavain 


Label each carbon-carbon double bond in 11-cis-retinal as E or Z. As we will learn in Section 
21.11, the isomerization of one double bond in this compound to a less crowded stereoisomer 
takes place when light strikes the retina of the eye. 


“oe 


eg” X 
2 PS: : @ » 
, we %e%e O 
ow ear Me” 
a a 
Ò ”” @ 
Yv @ 


11-cis-retinal 


Draw the structure corresponding to each IUPAC name. 
a. (3Z)-4-ethyl-3-heptene b. (2E)-3,5,6-trimethyl-2-octene c. (1Z)-2-bromo-1-iodo-1-hexene 


Draw and name all the stereoisomers of CHCH = CH- CH= CHCH3. 


Common Names 


The simplest alkene, CH,= CH), named in the IUPAC system as ethene, is often called ethylene, its 
common name. The common names for three alkyl groups derived from alkenes are also used. Two 
examples of naming organic molecules using these common names are shown in Figure 10.3. 


H H 
l 
pe H Naf C H N Ze w 
CH)=8 Ç yx c? CH,-3 
H H 
methylene group vinyl group ally! group 


vinyl group 


i BH. | ~—— methylene group , | 


methylenecyclohexane 1-vinylcyclohexene 
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10.4 


Related arguments involving 
Csp:— Cgp2 bonds were used in 
Section 8.2C to explain why 
the stability of an alkene 
increases with increasing 
alkyl substitution. 


Problem 10.10 


10.5 


Physical Properties 


Most alkenes exhibit only weak van der Waals interactions, so their physical properties are 
similar to alkanes of comparable molecular weight. 


e Alkenes have low melting points and boiling points. 

e Melting points and boiling points increase as the number of carbons increases 
because of increased surface area. 

e Alkenes are soluble in organic solvents and insoluble in water. 


Cis and trans alkenes often have somewhat different physical properties. For example, 
cis-2-butene has a higher boiling point (4 °C) than trans-2-butene (1 °C). This difference arises 
because the C-C single bond between an alkyl group and one of the double-bond carbons of an 
alkene is slightly polar. The sp? hybridized alkyl carbon donates electron density to the sp” 
hybridized alkenyl carbon. 


öt sp? hybridized C 
F4 CH3 _ 25% s-character 


Fi \ This R group donates electron density. 


"sp? hybridized C | 
33% s-character | 


This C accepts electron density. 


The bond dipole places a partial negative charge on the alkenyl carbon (sp”) relative to the alkyl 
carbon (sp*) because an sp” hybridized orbital has greater percent s-character (33%) than an sp? 
hybridized orbital (25%). In a cis isomer, the two C,,;—C,,2 bond dipoles reinforce each other, 
yielding a small net molecular dipole. In a trans isomer, the two bond dipoles cancel. 


CH CH CH H 
= = gr WN / = - 
more polar isomer —— C=C C=C  <«— less polar isomer 
- / \ / \ i — _ 
H | H H CH3 
a small net dipole no net dipole 
cis-2-butene trans-2-butene 


higher bp lower bp 


e A cis alkene is more polar than a trans alkene, giving it a slightly higher boiling point 
and making it more soluble in polar solvents. 


Rank the following isomers in order of increasing boiling point. 


n WT Ae 


Interesting Alkenes 


Ethylene is prepared from petroleum by a process called cracking. Ethylene is the most widely 
produced organic chemical, serving as the starting material not only for the polymer poly- 
ethylene, a widely used plastic, but also for many other useful organic compounds, as shown in 
Figure 10.4. 


Figure 10.4 

Ethylene, an industrial 
starting material for many 
useful products 


Figure 10.5 


Four naturally occurring 
alkenes 


The alkenes in Figure 10.5 
all originate from the same 
five-carbon starting material 
in nature, as we will learn in 
Chapter 30. 


(solvent, fuel additive) i z ] 
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RA 


polyethylene 
(packaging, bottles, films) 


CHgCH,OH | my 
CH,=CHC| ——> 


ethanol Cl CI Cl 


\ 


\ 7 poly(vinyl! chloride) 
paca (insulation, films, pipes) 
H H 


6 al _ ethylene am as Bg inal 
T | ii -a fe) Ọ oO 


= | ! 
CH2=CHC6Hs COCH; COCH; COCH; 
HOCH,CH,0OH 
poly(vinyl acetate) 
ethylene glycol (paints, adhesives) 
(antifreeze) 3 ; 


CeHs CeHs CeHs 


polystyrene 
(Styrofoam, molded plastics) 


Numerous organic compounds containing carbon-carbon double bonds have been isolated from 
natural sources (Figure 10.5). 


B-carotene zingiberene 
(orange pigment in carrots) (oil of ginger) 


Hf: 

NS 
(R)-limonene A on ~~ 
(from oranges) 


o-farnesene 
(found in the waxy coating on apple skins) 
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10.6 


Lipids are water-insoluble 
biomolecules composed largely 
of nonpolar C-C and C-H 
bonds (Section 4.15). 


General structure of an ester: 


(0) 
i 


10.6A 


Linoleic and linolenic acids are 
essential fatty acids, meaning 
they cannot be synthesized in 
the body and must therefore be 
obtained in the diet. A common 
source of these essential fatty 
acids is whole milk. Babies fed 
a diet of nonfat milk in their 
early months do not thrive 
because they do not obtain 
enough of these essential 

fatty acids. 
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Lipids—Part 2 


Understanding the geometry of C-C double bonds provides an insight into the properties 
of triacylglycerols, the most abundant lipids. Triacylglycerols contain three ester groups, 
each having a long carbon chain (abbreviated as R, R', and R") bonded to a carbonyl group 
(C=0). 


A, 
i k R groups have 11-19 C’s. 


| Three ester groups are labeled in red. 


T 
triacylglycerol 


Fatty Acids 


Triacylglycerols are hydrolyzed to glycerol (a triol), and three fatty acids of general structure 
RCOOH. Naturally occurring fatty acids contain 12-20 carbon atoms, with a carboxy group 
(COOH) at one end. 


? 
[6] 
n Ho~°*R 
OH 
(0) 
] 
ue OH + H o os R These fatty acids have 
(H+ or -OH) 12-20 C’s. 
Pa or OH O 
Y enzymes č 
glycerol HO” ~ ~R" 
a fatty acids 


e Saturated fatty acids have no double bonds in their long hydrocarbon chains, and 
unsaturated fatty acids have one or more double bonds in their hydrocarbon chains. 


e Double bonds in naturally occurring fatty acids have the Z configuration. 


Table 10.2 lists the structure and melting point of four fatty acids containing 18 carbon atoms. 
Stearic acid is one of the two most common saturated fatty acids, and oleic and linoleic acids are 
the most common unsaturated ones. The data show the effect of Z double bonds on the melting 
point of fatty acids. 


e As the number of double bonds in the fatty acid increases, the melting point decreases. 


The three-dimensional structures of the fatty acids in Figure 10.6 illustrate how Z double bonds 
introduce kinks in the long hydrocarbon chain, decreasing the ability of the fatty acid to pack 
well in a crystalline lattice. The larger the number of Z double bonds, the more kinks in the 
hydrocarbon chain, and the lower the melting point. 
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Table 10.2 The Effect of Double Bonds on the Melting Point of Fatty Acic 


Name Structure Mp (°C) 
p g 
Stearic acid E A 69 S 
(0 C=C) OH f 
fe) f- 
Oleic acid a 4 
(1 C=C) i 
O 
Linoleic acid -i OH -5 
(2 C=C) i 
oO 
Linolenic acid oO a -11 
(3 C=C) k OH 


Problem 10.11 Linolenic acid (Table 10.2) and stearidonic acid are omega-3 fatty acids, unsaturated fatty acids that 
contain the first double bond located at C3, when numbering begins at the methyl end of the chain. 
Predict how the melting point of stearidonic acid compares with the melting points of linolenic and 
stearic acids. A current avenue of research is examining the use of soybean oil enriched in stearidonic 
acid as a healthier alternative to vegetable oils that contain fewer degrees of unsaturation. 


Oo 
C3 a OH 
x SS 
stearidonic acid 
Figure 10.6 D d 
. , -+ # 
Three-dimensional structure o 09% j > 
Serca ai RN R ate pe » Tye, 
ʻ + 4 > / f 
a b J K Ss x x x ae bA x - ce F 3 7 9 
ee v s 
stearic acid é ¥ oleic acid é s 


TE AAi 
B 
es linoleic acid og” linolenic acid 


Oe 
BD, 
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10.6B 


Canola, soybeans, and flaxseed 
are excellent dietary sources 

of linolenic acid, an essential 
fatty acid. Oils derived from 
omega-3 fatty acids (Problem 
10.11) are currently thought 

to be especially beneficial for 
individuals at risk of developing 


coronary artery disease. 


10.7 


Fats and Oils 


Fats and oils are triacylglycerols with different physical properties. 


e Fats have higher melting points—they are solids at room temperature. 
e Oils have lower melting points—they are liquids at room temperature. 


The identity of the three fatty acids in the triacylglycerol determines whether it is a fat or an oil. 
Increasing the number of double bonds in the fatty acid side chains decreases the melting 
point of the triacylglycerol. 


e Fats are derived from fatty acids having few double bonds. 
e Oils are derived from fatty acids having a larger number of double bonds. 


Saturated fats are typically obtained from animal sources, whereas unsaturated oils are 
common in vegetable sources. Thus, butter and lard are high in saturated triacylglycerols, and 
olive oil and safflower oil are high in unsaturated triacylglycerols. An exception to this general- 
ization is coconut oil, which is composed largely of saturated alkyl side chains. 


Considerable evidence suggests that an elevated cholesterol level is linked to an increased risk 
of heart disease. Saturated fats stimulate cholesterol synthesis in the liver, thus increasing the 
cholesterol concentration in the blood. 


Preparation of Alkenes 


Recall from Chapters 8 and 9 that alkenes can be prepared from alkyl halides and alcohols via 
elimination reactions. For example, dehydrohalogenation of alkyl halides with strong base 
yields alkenes via an E2 mechanism (Sections 8.4 and 8.5). 


e Typical bases include OH and OR [especially OC(CH3)3], and nonnucleophilic bases such 
as DBU and DBN. 


e Alkyl tosylates can also be used as starting materials under similar reaction conditions (Sec- 
tion 9.13). 


H 
Examples | X NaOCH,CH, Q 
Br 


HH KOC(CHg)s 
CHgCHp—C-C-H = ———+ —CH,CH,CH=CH, 
H OTs 


The acid-catalyzed dehydration of alcohols with H,SO, or TsOH yields alkenes, too (Sec- 
tions 9.8 and 9.9). The reaction occurs via an E1 mechanism for 2° and 3° alcohols, and an E2 
mechanism for 1° alcohols. E1 reactions involve carbocation intermediates, so rearrangements 
are possible. Dehydration can also be carried out with POCI; and pyridine by an E2 mecha- 
nism (Section 9.10). 


CH3 CH3 

1 HSO. \ 
Examples CH3—C—CH, as. JO=CHe 

OH CH3 


e ae 
Of ā — 
pyridine 


Problem 10.12 


10.8 


The addition reactions of 
alkenes are discussed in 
Sections 10.9-10.16 and in 
Chapter 12 (Oxidation and 
Reduction). 


Figure 10.7 


Electrostatic potential 
plot of ethylene 
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These elimination reactions are stereoselective and regioselective, so the most stable alkene is 
usually formed as the major product. 


CH3 


pem p ey 


major product 


CH CH CH H CHCH, 

HS0, $ y a $ / \ 

| / \ / \ / 
OH H H H CHa H 


major product 
trans disubstituted alkene 


Draw the products of each elimination reaction. 


Br 
H2804 NaOCH,CH, 
a. OH —a b. —— ey 


Introduction to Addition Reactions 


Because the C-C r bond of an alkene is much weaker than a C-C o bond, the characteristic 
reaction of alkenes is addition: the 7 bond is broken and two new o bonds are formed. 


r \ | | 
_ Addition reaction C=C + xX-Y — —c-CcC— 
J iL J 
/ \ g 1 4 
This z bond is broken. Two o bonds are formed. 


Alkenes are electron rich, as seen in the electrostatic potential plot in Figure 10.7. The electron 
density of the = bond is concentrated above and below the plane of the molecule, making the m 
bond more exposed than the © bond. 


What kinds of reagents add to the weak, electron-rich m bond of alkenes? There are many of 
them, and that can make alkene chemistry challenging. To help you organize this information, 
keep in mind the following: 


e Every reaction of alkenes involves addition: the x bond is always broken. 


e Because alkenes are electron rich, simple alkenes do not react with nucleophiles or 
bases, reagents that are themselves electron rich. Alkenes react with electrophiles. 


electron-rich region 


e The red electron-rich region of the x bond is located above and below the plane of the molecule. 
Because the plane of the alkene depicted in this electrostatic potential plot is tipped, only the red 
region above the molecule is visible. 
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The stereochemistry of addition is often important in delineating a reaction’s mechanism. 
Because the carbon atoms of a double bond are both trigonal planar, the elements of X and Y can 
be added to them from the same side or from opposite sides. 


EEE eae a c— — — 
_ Two modes | syn addition | | anti addition | 
| of addition 


X Y X Š 
r, O X-Y 7 
sÀ WEG, r ee 
4 \ 4 y 
X and Y added from X and Y added from 
the same side opposite sides 


pees bes be 


e Syn addition takes place when both X and Y are added from the same side. 
e Anti addition takes place when X and Y are added from opposite sides. 


Five reactions of alkenes are discussed in Chapter 10 and each is illustrated in Figure 10.8, using 
cyclohexene as the starting material. 


Figure 10.8 | Two new o bonds are formed. 
Five addition reactions of . 


cyclohexene 


HX " hydrohalogenation 
(X = Cl, Br, I) y 9 
Xx 
p= da " hydration 
_ ‘The x bond is broken. yaran 
L OH 
X 
(X= Clor B) CL halogenation 
cyclohexene xX 
Xe H4O halohydrin formation 
(X = Clor Br) y 
OH 
[1] BHs f hydroboration—oxidati 
[2] HO, HO“ iii ydroboration—oxidation 


10.9 Hydrohalogenation—Electrophilic Addition of HX 


rete Pace Hydrohalogenation is the addition of hydrogen halides HX (X = Cl, Br, and I) to alkenes to 
ydrohalogenation of an . 

alkene to form an alkyl tonal hua. 

halide is the reverse of the | | 


\ f at y 


dehydrohalogenation of an | Hydrohalogenation | C=C + HX — s, =0-0= 

alkyl halide to form an alkene, - f a Ñ pied | Gla 5 

a reaction discussed in detail in | (X = Cl, Br, 1) Mx i Pa imauden, 
Sections 8.4 and 8.5. alkyl halide 


This x bond is broken. 
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Two bonds are broken in this reaction—the weak 7 bond of the alkene and the HX bond— 
and two new o bonds are formed—one to H and one to X. Because X is more electronegative 
than H, the H—- X bond is polarized, with a partial positive charge on H. Because the electrophilic 
(H) end of HX is attracted to the electron-rich double bond, these reactions are called electro- 
philic additions. 


To draw the products of an addition reaction: 


e Locate the C-C double bond. 

e Identify the o bond of the reagent that breaks—namely, the H~-X bond in 
hydrohalogenation. 

e Break the 1 bond of the alkene and the o bond of the reagent, and form two 
new o bonds to the C atoms of the double bond. 


H H 
= \ 7 
Examples | p= + mi =e AOH 
H H | H Br | 


Addition reactions are exothermic because the two o bonds formed in the product are stronger 
than the o and 7 bonds broken in the reactants. For example, AH? for the addition of HBr to 
ethylene is —60 kJ/mol, as illustrated in Figure 10.9. 


Figure 10.9 R — —_ H, H H H 
The addition of HBr | Overall reaction: | C=C + HBr ——> H-C-C-H 
to CH= CH,;, an H H H Br 


exothermic reaction g 
AH? calculation: 


[1] Bonds broken [2] Bonds formed [3] Overall AH? = 


f EE 
sum in Step [1] 


AH? (kJ/mol) AH? (kJ/mol) 
E aE ee aa Fi 


CH=CH, mbond +267 BrCH,CH,-H -410 


sum in Step [2] 

H-Br +368 CH,CH,-Br 285 — 
E +635 kJ/mol 
total +635 kJ/mol total —695 kJ/mol ~695 kJ/mol 
Energy needed to break bonds. Energy released in forming bonds. AH? = -60 kJ/mol 


[Values taken from Appendix C.] The reaction is exothermic. 
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The mechanism of electrophilic addition of HX consists of two steps: addition of H* to form a 
carbocation, followed by nucleophilic attack of X . The mechanism is illustrated for the reaction 
of cis-2-butene with HBr in Mechanism 10.1. 


{ò Mechanism 10.1 Electrophilic Addition of HX to an Alkene 


Step [1] Addition of the electrophile (H*) to the m bond 


ee 
H—Br: new bond e The t bond attacks the H atom of HBr, thus forming a new 
CH3 CH; H H C-H bond while breaking the H- Br bond. Because the 
/ Lf > ini f the original double bond is left 
cèc CH.—C—c + BE remaining carbon atom of the original double bond is le 
/ \ slow si * CH; = with only six electrons, a carbocation intermediate is 
H H H formed. This step is rate-determining because two 
cis-2-butene carbocation bonds are broken but only one bond is formed. 
Step [2] Nucleophilic attack of Br 
E a i Ti 
CH—0— Ç, es CH3—C —C—CH, e Nucleophilic attack of Br on the carbocation forms the 
h7 Cha H BN new C- Br bond. 
‘Br “new bond | 


The mechanism of electrophilic addition consists of two successive Lewis acid-base reactions. 
In Step [1], the alkene is the Lewis base that donates an electron pair to H- Br, the Lewis acid, 
while in Step [2], Br’ is the Lewis base that donates an electron pair to the carbocation, the 
Lewis acid. 


An energy diagram for the reaction of CH;CH=CHCH; with HBr is given in Figure 10.10. Each 
step has its own energy barrier with a transition state at each energy maximum. Because Step [1] 
has a higher energy transition state, it is rate-determining. AH? for Step [1] is positive because 
more bonds are broken than formed, whereas AH?’ for Step [2] is negative because only bond 
making occurs. 


Figure 10.10 
Energy diagram for electrophilic addition: CHCH = CHCH; + HBr + CH3CH2CH(Br)CH3 


transition state | transition state 
Step [1] Step [2] 


57 
HBr] 

transition state _ 1 8t 

fo pk gids. a Step [1] pan CHa=Ọ=Ç-CHs 
Ell) | CHyCHsCHCH, H H 
+ Br 
AH(1] AH°[2] n i 
transition state _ 
=- --'-------- Step [2] v= GHaGH2GHCHs 
CH3CH=CHCH, % sas 


i = GHyCHCH(Br)CHg 
Reaction coordinate 


e The mechanism has two steps, so there are two energy barriers. 
e Step [1] is rate-determining. 


Problem 70.13 


Problem 10.14 


10.10 
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What product is formed when each alkene is treated with HCI? 


CH, 
a. O b. CH,CH»CH,CH=CHCH,CH,CH, c. X 


CH3 


Draw a stepwise mechanism for the following reaction. Draw the transition state for each step. 


Qr — C 
Cl 


Markovnikov’s Rule 


With an unsymmetrical alkene, HX can add to the double bond to give two constitutional isomers. 


CH H H H Cl C2 H H 
\ / HG L | NI I 
C=C —~ CH3-C—C—H or CH3—C—C—-H 
/ \ | | | | 

H | fH H CI Cl H 
C2 C1 1-chloropropane 2-chloropropane 
propono only product 


For example, HCI addition to propene could in theory form 1-chloropropane by addition of H 
and Cl to C2 and C1, respectively, and 2-chloropropane by addition of H and Cl to C1 and C2, 
respectively. In fact, electrophilic addition forms only 2-chloropropane. This is a specific 
example of a general trend called Markoynikov’s rule, named for the Russian chemist who first 
determined the regioselectivity of electrophilic addition of HX. 


¢ Markovnikov’s rule: In the addition of HX to an unsymmetrical alkene, the H atom 
bonds to the less substituted carbon atom—that is, the carbon that has more 
H atoms to begin with. 


The basis of Markovnikov’s rule is the formation of a carbocation in the rate-determining step of 
the mechanism. With propene, there are two possible paths for this first step, depending on which 
carbon atom of the double bond forms the new bond to hydrogen. 


r rs, i new bond 
Path [1] | cH H N ri 
‘al y / + = 
: does NOT occur. ee. xX CHs-G—G. + e 
H H H H 


1° carbocation 


A new bond 
H-Cl x 
oH, ( H CH H ee q oH 
Path [2] ee, oe - re 
preferred path | PG, he Ç H + Cr —~ Chs Ç Ç H 
— H H H H H H 


2° carbocation 2-chloropropane 
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Figure 10.11 
Electrophilic addition and the 
Hammond postulate 


The Hammond postulate was 
first introduced in Section 7.15 
to explain the relative rate of 
Sy1 reactions with 1°, 2°, and 
3° RX. 


Sample Problem 10.3 


larger E, -- > slower reaction 


+ | 1° carbocation | 
CHeCH2CH2*— less stable | 
CHjCHCH,<—— 2° carbocation | 
i more stable — 


CH3gCH=CH, — slower reaction 
+ HCI ~—— faster reaction 


Reaction coordinate 


e The E, for formation of the more stable 2° carbocation is lower than the E, for formation of the 
1° carbocation. The 2° carbocation is formed faster. 


Path [1] forms a highly unstable 1° carbocation, whereas Path [2] forms a more stable 2° car- 
bocation. According to the Hammond postulate, Path [2] is faster because formation of the 
carbocation is an endothermic process, so the transition state to form the more stable 2° car- 
bocation is lower in energy (Figure 10.11). 


e In the addition of HX to an unsymmetrical alkene, the H atom is added to the less 
substituted carbon to form the more stable, more substituted carbocation. 


Similar results are seen in any electrophilic addition involving an intermediate carbocation: the 
more stable, more substituted carbocation is formed by addition of the electrophile to the 
less substituted carbon. 


Draw the products formed when each alkene is treated with HCl. 
CH3 


CH, : 
a. Cy b.  C=CHe c. dai i 
CH 


Use the Hammond postulate to explain why (CH3)2C = CH; reacts faster than CHCH = CH; in 
electrophilic addition of HX. 


Because carbocations are formed as intermediates in hydrohalogenation, carbocation rearrange- 
ments can occur, as illustrated in Sample Problem 10.3. 


Draw a stepwise mechanism for the following reaction. 
CH3 CH3 H 
| HBr | l 
Shy- lad eip- ls id 
CH, Br CHa 


Solution 

Because the carbon skeletons of the starting material and product are different—the alkene 
reactant has a 4° carbon and the product alkyl halide does not—a carbocation rearrangement 
must have occurred. 


Step [1] Markovnikov addition of HBr adds H* to the less substituted end of the double bond, 
forming a 2° carbocation. 


ite [1] Ter 
CHyGC-CH=CH, ———> CH—Ọ—Ç-CH + ‘Br 


Z NA 
go’ Ch me By: CH, 


2° carbocation 


~ new bond 
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Steps [2] Rearrangement of the 2° carbocation by a 1,2-methyl shift forms a more stable 3° 
and [3] carbocation. Nucleophilic attack of Br forms the product, a 3° alkyl halide. 


i a gron 3 gron 
CHs—C TE —CHsg = Chase Cha ———s ae eae 
Cha i Be | OHs Br! CHa 
— 3° carbocation _ 3° alkyl halide 
1,2-CH, shift | nucleophilic 
à —e attack 


Problem 10.17 Treatment of 3-methylcyclohexene with HCI yields two products, 1-chloro-3-methylcyclohexane and 
1-chloro-1-methylcyclohexane. Draw a mechanism to explain this result. 


Problem 10,18 Addition of HBr to which of the following alkenes will lead to a rearrangement? 
a. CH, = C(CH3)CH2CH3 b. CHCH = CHCH2CH3 C. CHCH = CHCH(CHa)> 


10.11 Stereochemistry of Electrophilic Addition of HX 


To understand the stereochemistry of electrophilic addition, recall two stereochemical principles 
learned in Chapters 7 and 9. 


¢ Trigonal planar atoms react with reagents from two directions with equal probability 
(Section 7.130). 
e Achiral starting materials yield achiral or racemic products (Section 9.15). 


Many hydrohalogenation reactions begin with an achiral reactant and form an achiral product. 
For example, the addition of HBr to cyclohexene, an achiral alkene, forms bromocyclohexane, 


an achiral alkyl halide. 
Br 
cyclohexene bromocyclohexane 
achiral starting material achiral product 


Because addition converts sp? hybridized carbons to sp? hybridized carbons, however, sometimes 
new stereogenic centers are formed from hydrohalogenation. For example, Markovnikov addi- 
tion of HCI to 2-ethyl-1-pentene, an achiral alkene, forms one constitutional isomer, 3-chloro-3- 
methylhexane. Because this product now has a stereogenic center at one of the newly formed sp? 
hybridized carbons, an equal amount of two enantiomers—a racemic mixture—must form. 


JCH2CHg GHeCHs 
CHa=C, + H-Q ——~ HÇ- C SCHeCH2CHs 
CH:CH;CHa H c new stereogenic center 
2-ethyl-1-pentene 3-chloro-3-methylhexane 
achiral starting material -i = 
| Two enantiomers must form. 
Cl Cl 


lz al 
cH- CHCHs + CHCH3"jON 
? 'CH,CHCH3 CH3CH,CHs 


A B 


CH3 
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The terms cis and trans refer 
to the arrangement of groups in 
a particular compound, usually 
an alkene or a disubstituted 
cycloalkane. The terms 

syn and anti describe the 
stereochemistry of a process— 
for example, how two groups 
are added to a double bond. 


Alkenes 


The mechanism of hydrohalogenation illustrates why two enantiomers are formed. Initial addi- 
tion of the electrophile H* (from HCl) occurs from either side of the planar double bond to 
form a carbocation. Both modes of addition (from above and below) generate the same achiral 
carbocation. Either representation of this carbocation can then be used to draw the second step 
of the mechanism. 


H 
above \ e 33 
a ne ee 
4 fo = 2CH2CH3 
Two modes | Hin ayy CH CH z | > 
of addition a rer ON GH,CH,CH; or identical ¢ carbocations | 
or | 
H—Cl HH 
Le below AE A wCH2CHg 
C=C +o Gr 
/ CHCHCH3 


Nucleophilic attack of Cl on the trigonal planar carbocation also occurs from two different 
directions, forming two products, A and B, having a new stereogenic center. A and B are not 
superimposable, so they are enantiomers. Because attack from either direction occurs with 
equal probability, a racemic mixture of A and B is formed. 


H | 
above \ 7 zi 
HOZ CK" CHCH = A syn addition | 
E m CHCH CH H and Clare added from 
j ae | the same side. 
\ + vu CH2CH3 
sC— C or enantiomers 
H“ x 
if "i. CHsCHsCHg | 
CF 
ee CHCH 
below N S48CH,CH.CH, — : x 
P= avons = B anti addition 
H Ci 


H and Cl are added from 
opposite sides. 


Because hydrohalogenation begins with a planar double bond and forms a planar carbocation, 
addition of H and Cl occurs in two different ways. The elements of H and Cl can both be added 
from the same side of the double bond—that is, syn addition—or they can be added from opposite 
sides—that is, anti addition. Both modes of addition occur in this two-step reaction mechanism. 


e Hydrohalogenation occurs with syn and anti addition of HX. 


Finally, addition of HCI! to 1,2-dimethylcyclohexene forms two new stereogenic centers. Initial 
addition of H* (from HCl) forms two enantiomeric carbocations that react with the Cl nucleo- 
phile from two different directions, forming four stereoisomers, A — D—two pairs of enantio- 
mers (Figure 10.12). 


CH, ak. 
HCI H Two new stereogenic centers 
A-Cl are formed. 
CH, 
1,2-dimethyl- CHs 
cyclohexene 


* denotes a stereogenic center 


Figure 10.12 


Reaction of 
1,2-dimethylcyclohexene 
with HCl 


Problem 10.19 


Problem 10.20 
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CH; 
CH3 
below above 
CHa CHa 
wH j ` H 
y =] enantiomers ——> L 
CH3 CHa 
Cr cr 
below above below above 
CH3 CH, CH3 CH3 
MH Cae pH H 
tare] * Cl tuC] m] 
A CHa B CHa E CHa D CH, 
Ly enantiomers I 
enantiomers 


Four stereoisomers are formed: 
e Compounds A and D are enantiomers formed in equal amounts. 
e Compounds B and C are enantiomers formed in equal amounts. 


Table 10.3 summarizes the characteristics of electrophilic addition of HX to alkenes, 


Draw the products, including stereochemistry, of each reaction. 


b. ork jor 


Which compounds (A-D) in Figure 10.12 are formed by syn addition of HCI and which are formed 
by anti addition? 


HCl 


— 


a CHs 
CHi 


HBr 
— 


CH, 


Table 10.3 Summary: Electrophilic Addition of HX to Alkenes Ja 


Observation 


Mechanism e The mechanism involves two steps. 
e The rate-determining step forms a carbocation. 


e Rearrangements can occur. 


Regioselectivity e Markovnikov’s rule is followed. In unsymmetrical alkenes, H bonds to 


the less substituted C to form the more stable carbocation. 


Stereochemistry e Syn and anti addition occur. 
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10.12 Hydration—Electrophilic Addition of Water 


Hydration is the addition of water to an alkene to form an alcohol. H,O itself is too weak an 
acid to protonate an alkene, but with added H,SO,, H30* is formed and addition readily occurs. 


| Hydrati * g lg | —1e8Ss ! | 
ration = > — 
ey PRS i . 
-H OH +—H,0 is added. 
This x bond is broken. alcohol 
| Examples | CH,CH,CH=CH» + HO = CH3CH,—CH—CH 
xampiles = e = = 
l. pies | CH2 2 2 aa aed sae 
HO H| 
CH 
CH a 
HSO 
. -H 
H 


Hydration is simply another example of electrophilic addition. The first two steps of the mecha- 
nism are similar to those of electrophilic addition of HX—that is, addition of H* (from H30*) to 
generate a carbocation, followed by nucleophilic attack of HO. Mechanism 10.2 illustrates the 
addition of H,O to cyclohexene to form cyclohexanol. 


e Mechanism 10.2 Electrophilic Addition of H2O to an Alkene—Hydration 


Step [1] Addition of the electrophile (H*) to the n bond 


ane e The z bond attacks H¿0*, thus forming a new C-H bond 
H i —_ while breaking the H-O bond. Because the remaining 
Cr H—OH, — 5 + HÖ: carbon atom of the original double bond is left with only 
e slow < six electrons, a carbocation intermediate is formed. This 
H hi step is rate-determining because two bonds are broken 
cyclohexene carbocation but only one bond is formed. 


Step [2] Nucleophilic attack of HO 
H H 


> ae H e Nucleophilic attack of H20 on the carbocation forms the 
4” t HO ——> ö-H new C-O bond. 
| 
HH 


Step [3] Loss of a proton 


H 
H ya ` H e Removal of a proton with a base (H20) forms a neutral 
ö2H + H,O: ——— m + H,0+ alcohol. Because the acid used in Step [1] is regenerated 
OH 
H 


a 


in Step [8], hydration is acid-catalyzed. 


cyclohexanol 


, There are three consequences to the formation of carbocation intermediates: 
Hydration of an alkene to 


form an alcohol is the reverse 


À e In unsymmetrical alkenes, H adds to the less substituted carbon to form the more 
of the dehydration of an 


stable carbocation; that is, Markovnikov’s rule holds. 
alcohol to form an alkene, a A 3 ' 7 
reaction discussed in detail ih e Addition of H and OH occurs in both a syn and anti fashion. 
Section 9.8. e Carbocation rearrangements can occur. 


Problem 10.21 


Problem 10.22 


10.13 


< va 


[ | 


i 


q> 


Bromination is a simple 
chemical test for the presence 
of m bonds in unknown 
compounds. When bromine, 
a fuming red liquid, is added 
to an alkene dissolved in the 
solvent CCl,, the bromine 
adds to the double bond and 
the red color disappears. The 
disappearance of the red color 
is therefore a positive test for 
n bonds. 
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Alcohols add to alkenes, forming ethers, using the same mechanism. Addition of CH3,OH to 
2-methylpropene, for example, forms tert-butyl methyl ether (MTBE), a high octane fuel addi- 
tive described in Section 3.4C. 


CH CH 

$ H»SO, (3 

pre + CH,30-H = ——> CHg—G~ CH ~<— an ether 
CH3 methanol | CH0 H| 


tert-butyl methyl ether 
MTBE 
What two alkenes give rise to each alcohol as the major product of acid-catalyzed hydration? 
CH CHa 


l 
a. CH3—Ç-CH2CH;CH; b. QA A a 


OH OH 


What stereoisomers are formed when 1-pentene is treated with H2O and H804? 


Halogenation—Addition of Halogen 


Halogenation is the addition of halogen X, (X = Cl or Br) to an alkene, forming a vicinal 
dihalide. 


| Halogenation | \ al |l 
Halogenation | pm. + XX — == 


—|—| 
1X X| — Xz is added. 
This x bond is broken. vicinal dihalide 


Halogenation is synthetically useful only with Cl, and Br. The dichlorides and dibromides 
formed in this reaction serve as starting materials for the synthesis of alkynes, as we learned in 
Section 8.10. 


H H HoH 
poeg ` rA 
| Examples | EFC + Gh = H-Ç-Ç-H 
p H H cl Cl 
Br 
Br 


Halogens add to m bonds because halogens are polarizable. The electron-rich double bond 
induces a dipole in an approaching halogen molecule, making one halogen atom electron defi- 
cient and the other electron rich (X° —X°), The electrophilic halogen atom is then attracted 
to the nucleophilic double bond, making addition possible. 


Two facts demonstrate that halogenation follows a different mechanism from that of hydro- 
halogenation or hydration. First, no rearrangements occur, and second, only anti addition of X; is 
observed. For example, treatment of cyclohexene with Br, yields two trans enantiomers formed 
by anti addition. 
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These facts suggest that carbocations are not intermediates in halogenation. Unstable carboca- 
tions rearrange, and both syn and anti addition is possible with carbocation intermediates. The 
accepted mechanism for halogenation comprises two steps, but it does not proceed with forma- 
tion of a carbocation, as shown in Mechanism 10.3. 


ES Mechanism 10.3 Addition of X, to an Alkene—Halogenation 


Step [1] Addition of the electrophile (X*) to the m bond 


> 


slow 


S 


Step [2] Nucleophilic attack of X- 
M a group 


' 
Ox 


e Four bonds are broken or formed in this step: the 
electron pair in the x bond and a lone pair on a halogen 
atom are used to form two new C- X bonds. The X-X 


F dss, + $e bond is also cleaved heterolytically, forming X~. This step 
‘7 4 ny is rate-determining. 
bridged e The three-membered ring containing a positively charged 
halonium ion halogen atom is called a bridged halonium ion. This 


wy — Ogn, 


4 


nucleophile — :X7 


N 


10.14 


strained three-membered ring is highly unstable, making 
it amenable to opening of the ring in the second step. 


| X: e Nucleophilic attack of X` opens the ring of the 


SE =p halonium ion, forming a new C -X bond and relieving the 


J% | strain in the three-membered ring. 
new bond S 


Bridged halonium ions resemble carbocations in that they are short-lived intermediates that 
react readily with nucleophiles. Carbocations are inherently unstable because only six electrons 
surround carbon, whereas halonium ions are unstable because they contain a strained three- 
membered ring with a positively charged halogen atom. 


no octet 4, angle strain 
| [+ ix: 


C-C 1 = x 
Ma 7e we 


carbocation bridged 
halonium ion 


Draw the products of each reaction, including stereochemistry. 


a pj ee O > 


Stereochemistry of Halogenation 


How does the proposed mechanism invoking a bridged halonium ion intermediate explain the 
observed trans products of halogenation? For example, chlorination of cyclopentene affords 
both enantiomers of trans-1,2-dichlorocyclopentane, with no cis products. 


o = RR 


cf, o cr , 0 
f | 


trans enantiomers 
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Initial addition of the electrophile CI* (from Cl,) occurs from either side of the planar double 
bond to form the bridged chloronium ion. In this example, both modes of addition (from above 
and below) generate the same achiral intermediate, so either representation can be used to draw 
the second step. 


achiral chloronium ion 


seb 
H H H 
Se j = = 
Addition of CI+ occurs from. ; 
both sides of the double bond. e oF [entice 


Ls 


an ie y 


are 


In the second step, nucleophilic attack of CI must occur from the back side—that is, from the 
side of the five-membered ring opposite to the side having the bridged chloronium ion. Because 
the nucleophile attacks from below in this example and the leaving group departs from above, 
ee ee the two Cl atoms in the product are oriented trans to each other. Backside attack ith 
epoxide rings with nucleophiles e two CI atoms in the product are oriented trans to each other. Backside attack occurs wi 
discussed li Section 9.15, equal probability at either carbon of the three-membered ring to yield an equal amount of two 
enantiomers—a racemic mixture. 


Š Hh 
H . | 

( a y" Cl: H 
‘Gir “new new bond 


The opening of bridged 
halonium ion intermediates 


_ CI attacks at either side, | —— ] 
| from below the ring. b 
| Eo ‘Cl: —_H 
H H | —EE 
) H QIN new bond ` 
iQ: trans products = 


In summary, the mechanism for halogenation of alkenes occurs in two steps: 


e Addition of X* forms an unstable bridged halonium ion in the rate-determining step. 


e Nucleophilic attack of X` occurs from the back side to form trans products. The overall 
result is anti addition of X2 across the double bond. 


Because halogenation occurs exclusively in an anti fashion, cis and trans alkenes yield different 
stereoisomers. Halogenation of alkenes is a stereospecific reaction. 


e A reaction is stereospecific when each of two specific stereoisomers of a starting 
material yields a particular stereoisomer of a product. 
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Figure 10.13 Br = CH CHg Br 


Halogenation of cis- and Carag Bro — oH $ a a 
trans-2-butene H” NH af N / Y 3 


H Br Br 
cis-2-butene == - 
- enantiomers : 


an ay 
achiral alkenes _ 


sonal aan 


BH Ch, Br 

CH3., aM Bro 7 JaCHa Hm, E 

o T e e n 
CHa H | Br Br CH, 


trans-2-butene — á ; 
an achiral meso compound 


To draw the products of halogenation: 
e Add Br; in an anti fashion across the double bond, leaving all other groups in their original 
orientations. Draw the products such that a given Br atom is above the plane in one product and 


below the plane in the other product. 

e Sometimes this reaction produces two stereoisomers, as in the case of cis-2-butene, which forms 
an equal amount of two enantiomers. Sometimes it produces a single compound, as in the case 
of trans-2-butene, where a meso compound is formed. 


cis-2-Butene yields two enantiomers, whereas trans-2-butene yields a single achiral meso com- 
pound, as shown in Figure 10.13. 


Problem 10.24 Draw all stereoisomers formed in each reaction. 
Cl H Br. Br. 
oC | = Qi I, am i 
c 
H 


Problem 10.25 Draw a stepwise mechanism for the conversion of trans-2-butene to the meso dibromide in 
Figure 10.13. 


o 


10.15 Halohydrin Formation 
Treatment of an alkene with a halogen X, and H,O forms a halohydrin by addition of the ele- 
ments of X and OH to the double bond. 
\_# | | 
| General reaction | C=C, + X—X ——— Eo 


i—i 
(X = Cl or Br) X OH | <— X and OH added 


This bond is broken, halohydrin 
H H H H 
\ fi Cl ae 
Example | C=C 2 H-¢—C-H 
H W H2O i i 
i Cl OH | 
chlorohydrin 


The mechanism for halohydrin formation is similar to the mechanism for halogenation: addition 
of the electrophile X* (from X,) to form a bridged halonium ion, followed by nucleophilic 
attack by H2O from the back side on the three-membered ring (Mechanism 10.4). Even though 
X is formed in Step [1] of the mechanism, its concentration is small compared to H,O (often the 
solvent), so H,O and not X` is the nucleophile. 
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e Mechanism 10.4 Addition of X and OH—Halohydrin Formation 


Step [1] Addition of the electrophile (X*) to the n bond 


EN e Four bonds are broken or formed in this step: the 
TR : electron pair in the x bond and a lone pair on a 
\( y Xt E halogen atom are used to form two new C -X bonds 
C=C —— w00 + X in the bridged halonium ion. The X-X bond is also 
/ \ slow á f N S cleaved heterolytically, forming X~. This step is rate- 
Aa: i determining. 


Steps [2] and [3] Nucleophilic attack of H2O and loss of a proton 


Ok [2] | # [3] | $: 
wy Oke = =e =m =0=0= e Nucleophilic attack of H2O opens the halonium ion 
( HO: | HQ: | ring, forming a new C-O bond. Subsequent loss of a 


HO: roton forms the neutral halohydrin. 
2 ! agr | ‘nd P y 


jgacieopnilic attack loss of a proton 


Although the combination of Br, and H,O effectively forms bromohydrins from alkenes, other 
reagents can also be used. Bromohydrins are also formed with N-bromosuccinimide (abbrevi- 
ated as NBS) in aqueous DMSO [(CH;}}S=0]. NBS serves as a source of Br}, which then goes 
on to form a bromohydrin by the same reaction mechanism. 


Recall from Section 7.8C that 
DMSO (dimethyl sulfoxide) is a 
polar aprotic solvent. 


ie) 
| Br 
NBS | 
N-Br —— Bro ER USO A a ae 
PMSO: M9 HO | 
O bromohydrin 
N-bromosuccinimide 
NBS 


10.15A Stereochemistry and Regioselectivity of Halohydrin Formation 


Because the bridged halonium ion ring is opened by backside attack of H,O, addition of X and 
OH occurs in an anti fashion and trans products are formed. 


B 
5 fe $ anti addition of Br and OH 
H20 s 


Br OH Br OH 
| trans enantiomers 


Sample Problem 10.4 Draw the products of the following reaction, including stereochemistry. 


wH Bro 


trans-2-butene 


Solution 
The reagent (Br2 + H20) adds the elements of Br and OH to a double bond in an anti fashion—that 
is, from opposite sides. To draw two products of anti addition: add Br from above and OH from 
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below in one product; then add Br from below and OH from above in the other product. In this 
example, the two products are nonsuperimposable mirror inages— enantiomers. 


Br CH OH 
CH3., m H 3 
roget Bro \ Šach; Hae - if 
H CHe ogy CL + P Cuny 
Ho 3 
trans-2-butene H i OH Br CH 
- enantiomers 


With unsymmetrical alkenes, two constitutional isomers are possible from addition of X and OH, 
but only one is formed. The preferred product has the electrophile X* bonded to the less sub- 
stituted carbon atom—that is, the carbon that has more H atoms to begin with in the reacting 
alkene. Thus, the nucleophile (H,O) bonds to the more substituted carbon. 


This product is formed. 


CH3 CHa CH, 
\ Bro | l 
jfo=CHp ———> CHa CCH NOT CH3~C—CHp 
CH, ie HO Br Br OH 


The electrophile (Br*) ends up 
on the less substituted C. — 


This result is reminiscent of the opening of epoxide rings with acids HZ (Z = a nucleophile), 
which we encountered in Section 9.15B. As in the opening of an epoxide ring, nucleophilic 
attack occurs at the more substituted carbon end of the bridged halonium ion because that 
carbon is better able to accommodate a partial positive charge in the transition state. 


` 
88 
+ oe 
CBr CH, ‘Br: CHg :Br: 
CHa., „H sC—Cu | 8 I | | 
wCH=CN Op gH CHj—C—C-H ——— CH,—C—C-H 
CH H 1 CH ( H 2 +l i | 1 
3 [1] AG [2] H-0: H [3] HO: H 
= i cae + H,0* 
+ Br H20: 3 


nucleophilic attack at the 
more substituted C 


Table 10.4 summarizes the characteristics of halohydrin formation. 


Draw the products of each reaction and indicate their stereochemistry. 


CH, 
O NBS Cy Ch 
a. b. Ey 
DMSO, H,O HO 


labie 10.4 Summary: Conversion of Alkenes to Halohydrins 
Onservation 
Mechanism e The mechanism involves three steps. 


The rate-determining step forms a bridged halonium ion. 
No rearrangements can occur. 


Regioselectivity e The electrophile X* bonds to the less substituted carbon. 


Stereochemistry e Anti addition occurs. 
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10.15B Halohydrins: Useful Compounds in Organic Synthesis 


Because halohydrins are easily converted to epoxides by intramolecular Sy2 reaction (Section 9.6), 
they have been used in the synthesis of many naturally occurring compounds. Key steps in the 
synthesis of estrone, a female sex hormone, are illustrated in Figure 10.14. 


Figure 10.14 halohydrin formation 
The synthesis of estrone OH 
from a chlorohydrin Cl = 


one step 


HO 
A B Cc estrone 


e Chlorohydrin B, prepared from alkene A by addition of Cl and OH, is converted to epoxide C with 
base. C is converted to estrone in one step. 


10.16 Hydroboration-Oxidation 


Hydroboration—oxidation is a two-step reaction sequence that converts an alkene to an 


alcohol. 
| | - | | 
| Hydroboration-oxidation | Nef BH oge Haho hd 
r -i—i 
N ' H BH, t LH OH — H,O is added. 
_ hydroboration | alkylborane . oxidation alcohol 


e Hydroboration is the addition of borane (BH3) to an alkene, forming an alkylborane. 
e Oxidation converts the C-B bond of the alkylborane to a C-O bond. 


Hydroboration—oxidation results in addition of H,O to an alkene. 


i H 

Examples | H H BH; at HzO, HOT i i 
peo —=> H-C-G-H H—C—C-H 
H H H BH, H OH 


Borane (BH;3) is a reactive gas that exists mostly as the dimer, diborane (BH,). Borane is a 
strong Lewis acid that reacts readily with Lewis bases. For ease in handling in the laboratory, it 
is commonly used as a complex with tetrahydrofuran (THF). 


H 


a" ba a: 
BH, + D — H-B—9 


borane tetrahydrofuran H 
THF BH, * THF 


Lewis acid Lewis base 
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Problem 10.27  Borane is sold for laboratory use as a complex with many other Lewis bases. Draw the Lewis acid- 


base complex that forms between BH; and each compound. 
a. (CH3)sS b. (CH3CHz2)3N c. (CH3CH2CH2CH2)3P 


10.16A Hydroboration 


The first step in hydroboration—oxidation is addition of the elements of H and BH; to the 7 
bond of the alkene, forming an intermediate alkylborane. 


X 7 BH, | | 
| Hydroboration C=C — =Q 
Hydroboration | Z % piem 


[H BH, «—These elements are added. 


alkylborane 


Because syn addition to the double bond occurs and no carbocation rearrangements are observed, 
carbocations are not formed during hydroboration, as shown in Mechanism 10.5. The proposed 
mechanism involves a concerted addition of H and BH, from the same side of the planar 
double bond: the x bond and H— BH, bond are broken as two new o bonds are formed. Because 
four atoms are involved, the transition state is said to be four-centered. 


{ò Mechanism 10.5 Addition of H and BH,—Hydroboration 


One step The r bond and H- BH; bonds break as the C-H and C-B bonds form. 


Figure 10.15 
Conversion of BH3 
to a trialkylborane 

with three 
equivalents of 
CH2= CH2 


; 

» af C=C l l 

+ \\ fi \ H BH 

H BH aliii. i 
2 syn addition 


transition state 


Because the alkylborane formed by reaction with one equivalent of alkene still has two B-H 
bonds, it can react with two more equivalents of alkene to form a trialkylborane. This is illustrated 
in Figure 10.15 for the reaction of CH=CH; with BH3. 


BH, CH=CH; CH=CH} 
CH=CH, —* CHa— CHa = CH3CH2—BH32 m (CH3gCH2)2BH ee (CH3CH3)3B 
BH2 alkylborane dialkylborane trialkylborane 
two B-H bonds one B-H bond 
remaining remaining 


e We often draw hydroboration as if addition stopped after one equivalent of alkene reacts with 
BHs. Instead, all three B- H bonds actually react with three equivalents of an alkene to form a 
trialkylborane. The term organoborane is used for any compound with a carbon-boron bond. 


Because H is more 
electronegative than B, the 
B-H bond is polarized to give 
boron a partial positive charge 
(H® - B®), making BH; the 
electrophile in hydroboration. 


Figure 10.16 


Hydroboration of an 
unsymmetrical alkene 
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Because only one B—H bond is needed for hydroboration, commercially available dialkyl- 
boranes having the general structure R,BH are sometimes used instead of BH}. A common 
example is 9-borabicyclo[3.3.1]nonane (9-BBN). 9-BBN undergoes hydroboration in the same 


manner as BH3. 
i | Hydroboration with 9-BBN | 


a 


| 
= 
cd 
[es] 
H 
GE 
Bs 


| | 
a ~ «iT 
9-borabicyclo[3.3.1]nonane \ } H ER, 
9-BBN H~—BRe 


Hydroboration is regioselective. With unsymmetrical alkenes, the boron atom bonds to the 
less substituted carbon atom. For example, addition of BH; to propene forms an alkylborane 
with the B bonded to the terminal carbon atom. 


B bonds to the terminal C. 


CH H | 
ar BH, H i 
pry = tH OH, NOT  CHs—C—CH, 
H H H BH? BH, H 


less sterically hindered C only'product 
Steric factors explain this regioselectivity. The larger boron atom bonds to the less sterically 
hindered, more accessible carbon atom. 


Electronic factors are also used to explain this regioselectivity. If bond breaking and bond making 
are not completely symmetrical, boron bears a partial negative charge in the transition state and 
carbon bears a partial positive charge. Because alkyl groups stabilize a positive charge, the more 
stable transition state has the partial positive charge on the more substituted carbon, as illustrated 
in Figure 10.16. 


e In hydroboration, the boron atom bonds to the less substituted carbon. 


<= - 
_ The CH group stabilizes 
/ the partial positive charge. 


ł 
CH H CH H 
b f — = re =s CH,—C=CH 
= esl =s = 
/ \ HO DT ETTE 
H H H- -BH H BH; 
H™BHe & preferred product 
more stable transition state 
+ 
CH H CH 
JE o H H 
c=0 —%— C= ——> CH,;—C—Ch, 
4 ( ` Hi WH BH, H 
a a HB- --H 2 
H2B—H ô 


less stable transition state 
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Problem 10.28 What alkylborane is formed from hydroboration of each alkene? 
CH, 
a. (O=CH, D AAS C. Co 
CH3 


10.16B Oxidation of the Alkylborane 


Because alkylboranes react rapidly with water and spontaneously burn when exposed to the air, 
they are oxidized, without isolation, with basic hydrogen peroxide (H202, HO). Oxidation 
replaces the C-B bond with a C-O bond, forming a new OH group with retention of con- 
figuration; that is, the OH group replaces the BH, group in the same position relative to the 
other three groups on carbon. 


Oxidation | CH3 CHa 
— b H20O;, HO- l 


eee: 


retention of configuration 
Thus, to draw the product of a hydroboration—oxidation reaction, keep in mind two stereochemi- 
cal facts: 


e Hydroboration occurs with syn addition. 
e Oxidation occurs with retention of configuration. 


The overall result of this two-step sequence is syn addition of the elements of H and OH to 
a double bond, as illustrated in Sample Problem 10.5. The OH group bonds to the less substi- 
tuted carbon. 


Sample Problem 10.5 Draw the product of the following reaction sequence, including stereochemistry. 


.CH 
3? [1] BHg 
[2] H2O,, HO- 
Solution 


In Step [1], syn addition of BH, to the unsymmetrical alkene adds the BH, group to the 

less substituted carbon from above and below the planar double bond. Two enantiomeric 
alkylboranes are formed. In Step [2], oxidation replaces the BH; group with OH in each enantiomer 
with retention of configuration to yield two alcohols that are also enantiomers. 


BH H205, HOT 
above | 


H CH H CH, 


a, enantiomers enantiomers syn addition of 
H CH H and OH 


3 


| BH, H | OH H 
syn addition OH replaces BH, with 
of H and BH, retention of configuration. 


Hydroboration-oxidation results in the addition of H and OH in a syn fashion across the double 
bond. The achiral alkene is converted to an equal mixture of two enantiomers—that is, a racemic 
mixture of alcohols. 
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Problem 10.29 Draw the products formed when each alkene is treated with BH followed by H202, HO”. Include the 
stereochemistry at all stereogenic centers. 


CHCH; 
a. CHaCHCH= CHp b. c. CHa CH 


Problem 10.30 What alkene can be used to prepare each alcohol as the exclusive product of a two-step 
hydroboration-oxidation sequence? 


OH 
a. dD D; OH C: | | 


Table 10.5 summarizes the features of hydroboration—oxidation. 


Hydroboration—oxidation is a very common method for adding H,O across a double bond. One 
example is shown in the synthesis of artemisinin (or qinghaosu), the active component of qing- 
hao, a Chinese herbal remedy used for the treatment of malaria (Figure 10.17). 


Table 10.5 Summary: Hydroboration-Oxidation of Alkenes H 


Observation 


Mechanism e The addition of H and BH; occurs in one step. 

e No rearrangements can occur. 
Regioselectivity e The OH group bonds to the less substituted carbon atom. 
Stereochemistry e Syn addition occurs. 


e OH replaces BH; with retention of configuration. 


Figure 10.17 An example of hydroboration-oxidation in synthesis 


[1] BH fe) 
2] H20, HO NWN o 
So” 6 [2] H202, o o a several steps O 
o ~ 
» v 
; f OH O Artemisia annua, source of the 
Hydroboration—oxidation takes place here. A artemisinin antimalarial agent artemisinin 


(antimalarial drug) 


¢ The carbon atoms of artemisinin that come from alcohol A are indicated in red. 


10.16C A Comparison of Hydration Methods 


Hydration (H,O, H*) and hydroboration—oxidation (BH; followed by H,O2, HO’) both add the 
elements of H,O across a double bond. Despite their similarities, these reactions often form dif- 
ferent constitutional isomers, as shown in Sample Problem 10.6. 
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Sample Problem 10.6 Draw the product formed when CH3CH2CH,CH2CH = CH; is treated with (a) H2O, H»SO,; and 


Problem 10.31 


10.17 


(b) BH; followed by HO, HO. 


Solution 

With H2O + H,SO,, electrophilic addition of H and OH places the H atom on the less substituted 
carbon of the alkene to yield a 2° alcohol. In contrast, addition of BH gives an alkylborane with 
the BH; group on the less substituted terminal carbon of the alkene. Oxidation replaces BH by 
OH to yield a 1° alcohol. 


# H on the less substituted C 


H,O 
CH3CH,CH,CH,CH=CH> 2 CH3CH,CH»CH,CH—CH, 
H250, | | 
HO H 
[1] BHg 2° alcohol 


F i on the less substituted C 


OPEREREN CH T2] H:0., HO- ikikaa i ili 


H BH, H OH 
1° alcohol 


Draw the constitutional isomer formed when the following alkenes are treated with each set of 
reagents: [1] H2O, H2SO,; or [2] BH followed by H203, OH. 


Keeping Track of Reactions 


Chapters 7—10 have introduced three basic kinds of organic reactions: nucleophilic substitution, 
B elimination, and addition. In the process, many specific reagents have been discussed and the 
stereochemistry that results from many different mechanisms has been examined. How can we 
keep track of all the reactions? 


To make the process easier, remember that most organic molecules undergo only one or two 
different kinds of reactions. For example: 


e Alkyl halides undergo substitution and elimination because they have good leaving 
groups. 

e Alcohols also undergo substitution and elimination, but can do so only when OH is 
made into a good leaving group. 

e Alkenes undergo addition because they have easily broken x bonds. 


You must still learn many reaction details, and in truth, there is no one method to learn them. You 
must practice these reactions over and over again, not by merely looking at them, but by writing 
them. Some students do this by making a list of specific reactions for each functional group, and 
then rewriting them with different starting materials. Others make flash cards: index cards that 
have the starting material and reagent on one side and the product on the other. Whatever method 
you choose, the details must become second nature, much like the answers to simple addition 
problems, such as, what is the sum of 2 + 2? 


Learning reactions is really a two-step process. 


¢ First, learn the basic type of reaction for a functional group. This provides an overall 
organization to the reactions. 

e Then, learn the specific reagents for each reaction. It helps to classify the reagent 
according to its properties. Is it an acid or a base? Is it a nucleophile or an electrophile? 
Is it an oxidizing agent or a reducing agent? 


Sample Problem 10.7 


Problem 10.32 


10.18 
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Sample Problem 10.7 illustrates this process. 


Draw the product of each reaction. 


KOC(CHs)3 Bro 
a. (CHCH CHCH; —Br =m; b. (CHaCHa)2CHCH=CH; —— > 
2 


Solution 

In each problem, identify the functional group to determine the general reaction type — substitution, 
elimination, or addition. Then, determine if the reagent is an electrophile, nucleophile, acid, base, 
and so forth. 


a. The reactant is a 1° alkyl halide, which b. The reactant is an alkene, which 
can undergo substitution and elimination. undergoes addition reactions to its 7 
The reagent [KOC(CHs)3] is a strong bond. The reagent (Br + HzO) serves as 
nonnucleophilic base, favoring the source of the electrophile Br’, 
elimination by an E2 mechanism resulting in addition of Br and OH to the 
(Figure 8.10). double bond (Section 10.15). 
(CHy),00F KO] This z bond is broken. 
I 
CHsCH.—C-+CH,—Br (CH3CH2)2CHCH=CH; 
l e 
CH3CHo 
Bro + HO 
| elimination (CHCH,).CHCH™ CH, 
GEOH HO Br 
C=C; addition product 
CHCH, 
E2 product 


Draw the products of each reaction using the two-part strategy from Sample Problem 10.7. 


Cl 

HBr NaOCH, CH2CH2CH3 = HSO, 
a. CH, —— b. é SS 
(¥ ' Preis OH 


Alkenes in Organic Synthesis 


Alkenes are a central functional group in organic chemistry. Alkenes are easily prepared by 
elimination reactions such as dehydrohalogenation and dehydration. Because their 1 bond is 
easily broken, they undergo many addition reactions to prepare a variety of useful compounds. 


Suppose, for example, that we must synthesize 1,2-dibromocyclohexane from cyclohexanol, a 
cheap and readily available starting material. Because there is no way to accomplish this trans- 
formation in one step, this synthesis must have at least two steps. 


OH 2 Br 
QTQ >= Q 
Br 
cyclohexanol 1,2-dibromocyclohexane 


starting material product 
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In Chapter 11 we will learn 
about retrosynthetic analysis 
in more detail. 


A reactive intermediate is an 
unstable intermediate like a 
carbocation, which is formed 
during the conversion of a 
stable starting material to a 
stable product. A synthetic 
intermediate is a stable 
compound that is the product 
of one step and the starting 
material of another in a 
multistep synthesis. 


To solve this problem we must: 


e Work backwards from the product by asking: What type of reactions introduce the 
functional groups in the product? 


e Work forwards from the starting material by asking: What type of reactions does the 


starting material undergo? 
OH Br 
JT + CL 
a 
Br 
1,2-dibromocyclohexane 


cyclohexanol 


Work forwards. 
What reactions 
_ do alcohols undergo? | 


Work backwards. 
How are vicinal 
dihalides made? 


? | ? 
Working backwards from the product to determine the starting material from which it is 
made is called retrosynthetic analysis. 


We know reactions that answer each of these questions. 


Working backwards: Working forwards: 


[1] 1,2-Dibromocyclohexane, a vicinal 
dibromide, can be prepared by the 
addition of Br, to cyclohexene. 


Br OH 
S Br 


cyclohexene 1,2-dibromocyclohexane 


[2] Cyclohexanol can undergo acid-catalyzed 
dehydration to form cyclohexene. 


cyclohexanol cyclohexene 


Cyclohexene is called a synthetic intermediate, or simply an intermediate, because it is the 
product of one step and the starting material of another. We now have a two-step sequence to 
convert cyclohexanol to 1,2-dibromocyclohexane, and the synthesis is complete. Take note of the 


central role of the alkene in this synthesis. 


A two-step synthesis | 


OH 
Cy HS0, Q Bro 


a synthetic intermediate 


X i 
Br 
Devise a synthesis of each compound from the indicated starting material. 


CH 
? "OH ? Chs 
a AA Sr a b. os as X 
OH OH 
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General Facts About Alkenes 
e Alkenes contain a carbon-carbon double bond consisting of a stronger o bond and a weaker z bond. Each carbon is sp? hybridized 
and trigonal planar (10.1). 

e Alkenes are named using the suffix -ene (10.3). 

e Alkenes with different groups on each end of the double bond exist as a pair of diastereomers, identified by the prefixes E and Z (10.38). 
Alkenes have weak intermolecular forces, giving them low mp’s and bp’s, and making them water insoluble. A cis alkene is more 
polar than a trans alkene, giving it a slightly higher boiling point (10.4). 

e Because a 7 bond is electron rich and much weaker than a o bond, alkenes undergo addition reactions with electrophiles (10.8). 


Stereochemistry of Alkene Addition Reactions (10.8) 
A reagent XY adds to a double bond in one of three different ways: 


e Syn addition—X and Y add from the same side. 


H-BH, 1 Ph 


"uoo" o c-c e Syn addition occurs in hydroboration. 
r~~ 9 ę 


e Anti addition—X and Y add from opposite sides. 


e= 2, -c^ e Anti addition occurs in halogenation and halohydrin 
a \ + 
Xe, H2O 1 X(OH) formation. 


¢ Both syn and anti addition occur when carbocations are intermediates. 


H—X + ge 1 og e Syn and anti additi in hydrohal tion and 
c=CN C-C, and co -C™ yn ae antl a ition occur in hyaronalogenation an 
or “7 y 4 \ hydration. 
H20, Ht X(OH) 


Addition Reactions of Alkenes 
[1] Hydrohalogenation—Addition of HX (X = Cl, Br, 1) (10.9-10.11) 
ss a e The mechanism has two steps. 
ees + Es. R—-CH-CHe e Carbocations are formed as intermediates. 

e Carbocation rearrangements are possible. 
e Markovnikov’s rule is followed. H bonds to the less 

substituted C to form the more stable carbocation. 
e Syn and anti addition occur. 


alkyl halide 


[2] Hydration and related reactions (Addition of H2O or ROH) (10.12) 


7 H5SO4 | — j For both reactions: 
RON=CH, + M=OH } SIs ~GHe e The mechanism has three steps. 
| OH H e Carbocations are formed as intermediates. 
alcohol n 


Carbocation rearrangements are possible. 
e Markovnikov’s rule is followed. H bonds to the less 
HSO, : substituted C to form the more stable carbocation. 
RCH=CH, + H-OR ——> > R—-CH—-CH, e Syn and anti addition occur. 
OR H 


ether 
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[3] Halogenation (Addition of X2; X = Cl or Br) (10.13-10.14) 


e The mechanism has two steps. 

e Bridged halonium ions are formed as intermediates, 
e No rearrangements can occur. 

e Anti addition occurs. 


RCH=CH, + X-X ——— AS CH= CHa 
X xX 
vicinal dihalide 


[4] Halohydrin formation (Addition of OH and X; X = Cl, Br) (10.15) 


H2O 


e The mechanism has three steps. 
RCH=CH, + X-X ——> R- CH-ÇHə 


e Bridged halonium ions are formed as intermediates. 
e No rearrangements can occur. 


OH X 


halohydrin e X bonds to the less substituted C. 
è Anti addition occurs. 
e NBS in DMSO and H20 adds Br and OH in the same 


fashion. 
[5] Hydroboration-oxidation (Addition of H20) (10.16) 
[1] BH, or 9-BBN c e Hydroboration has a one-step mechanism. 
RCH=Ch, “anono | R-GH-CHs e No rearrangements can occur. 
=e H: Or + OH bonds to the less substituted C. 
Í alcohol e Syn addition of HzO results. 


Problems Using Three-Dimensional Models 


10.34 Give the IUPAC name for each compound. 


eo. © w0 
aw @ @ ~ b. eo?” 

ae 

He, ory a 


10.35 (a) Label the carbon-carbon double bond in A as E or Z. (b) Draw the products (including stereoisomers) formed when A is 
treated with H20 in the presence of H,SO,. 


y ~t 
-ġġ 9 e 
ee 
>) i 
Agog 
= o 
A 


10.36 Name the alkene depicted in the ball-and-stick model and draw the constitutional isomers formed when the alkene is treated 
with each reagent: (a) Brz; (b) Bra in H20; (c) Br in CHOH. 


< d 
Y swè 
w A 
@ 
RAAI 
Degrees of Unsaturation 
10.37 Calculate the number of degrees of unsaturation for each molecular formula. 
a. C3H4 G: CagHse6 e. C10H1602 g. CgH ClO i. C7H,4N 
b. GeHg d. CgHgO E CgH,Br h. CHBr j C,HgBrN 


10.38 How many rings and z bonds does a compound with molecular formula C;gH;4 possess? List all possibilities. 
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Nomenclature and Stereochemistry 


10.39 


10.40 


10.41 


10.42 


10.43 


10.44 


10.45 


10.46 


The fertility drug clomiphene (trade name Clomid) is sold as a mixture of diastereomers, enclomiphene and zuclomiphene. 
Designate each alkene as an E or Z isomer. What is wrong with the statement, “Clomid is a mixture of two isomers, 30% cis 


and the remainder trans”? 
ci $ 
D $ on N(CH2CH3)2 i D ow’ N(CH2CH3)2 


enclomiphene zuclomiphene 


Give the IUPAC name for each compound. 


a. CH2 = CHCH CH(CHa)CH2CH3 


h 


Give the structure corresponding to each name. 


a. (3E)-4-ethyl-3-heptene e. (2Z)-3-isopropyl-2-heptene 

b. 3,3-dimethylcyclopentene f. cis-3,4-dimethylcyclopentene 

c. cis-4-octene g. trans-2-heptene 

d. 4-vinylcyclopentene h. 1-isopropyl-4-propylcyclohexene 


(a) Draw all possible stereoisomers of 4-methyl-2-nonene, and name each isomer, including its E,Z and R,S prefixes. (b) Label 
two pairs of enantiomers. (c) Label four pairs of diastereomers. 


(a) Draw the structure of (1E,4A)-1,4-dimethylcyclodecene. (b) Draw the enantiomer and name it, including its E,Z and R,S 
prefixes. (c) Draw two diastereomers and name them, including the E,Z and R,S prefixes. 


Now that you have learned how to name alkenes in Section 10.3, name each of the following epoxides as an alkene oxide, as 
described in Section 9.3. 


oO Has O 
a. O b. BP ging C, ia d. oÇ ocho 
H 


Each of the following names is incorrect. Explain why it is incorrect and give the correct IUPAC name. 


a. 2-butyl-3-methyl-1-pentene d. 5-methylcyclohexene g. 1-cyclohexen-4-ol 
b. (Z)-2-methyl-2-hexene e. 4-isobutyl-2-methylcyclohexene h. 3-ethyl-3-octen-5-ol 
c. (E)-1-isopropyl-1-butene f. 1-sec-butyl-2-cyclopentene 


lejimalide B, an anticancer agent with a 24-membered ring, is isolated from a tunicate found off le Island in Okinawa. (a) Label 
each double bond in iejimalide B as E or Z. (b) Label each tetrahedral stereogenic center as R or S. (c) How many stereoisomers 
are possible for iejimalide B? 


CH0 


iejimalide B 
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Lipids 


10.47 Although naturally occurring unsaturated fatty acids generally have the Z configuration, elaidic acid, a C;g fatty acid having an 
E double bond, is present in processed foods such as margarine and cooking oils. Predict how the melting point of elaidic acid 
compares with the melting points of stearic and oleic acids (Table 10.2). 


elaidic acid 


10.48 Eleostearic acid is an unsaturated fatty acid obtained from the seeds of the tung oil tree (Aleurites fordii, a deciduous tree 


native to China. (a) Draw the structure of a stereoisomer that has a higher melting point than eleostearic acid. (b) Draw the 
structure of a stereoisomer that has a lower melting point. 


bacia D 
COH 


eleostearic acid 


AH’ Calculations 
10.49 By using the bond dissociation energies in Appendix C, calculate AH° for the addition of HCI and HI to ethylene to form 


chloroethane and iodoethane, respectively. Assuming entropy changes for both reactions are similar, which reaction has the 
larger Kog? 


Reactions of Alkenes 


10.50 Draw the products formed when cyclohexene is treated with each reagent. 


a. HBr d. CHCH20H, H80, g. NBS (aqueous DMSO) 
b. HI e. Ch h. [1] BHs; [2] H202, HO- 
C. H20, H250, f. Bro, H,O i. [1] 9-BBN; [2] H20;, HOT 


10.51 Repeat Problem 10.50 with (CH3)2C = CH; as the starting material. 


10.52 What alkene can be used to prepare each alkyl halide or dihalide as the exclusive or major product of an addition reaction? 


Cl CH3 Br 
| 
a. ps b. X (er C-CH; d. e. B i f. (CH3CH2)sCBr 
Br Cl l Cl 
Br Br 


10.53 Which alcohols can be prepared as a single product by hydroboration-oxidation of an alkene? Which alcohols can be prepared 
as a single product by the acid-catalyzed addition of H20 to an alkene? 


OH OH 
a. Co b. c. DX d. O e. OH 
OH 


10.54 Draw the constitutional isomer formed in each reaction. 


(CHgCH,)sC=CHCH,CH, 2 d n = — 
a. = ; ; 
we a 9 DMSO, H2O 
HO Br. B 
O C a Ba - 
H,O 


HS0, 
[1] BH3 1] 9-BBN 
a Ghyc=cuch Ă == a gi a 
[2] H202, HO [2] H202, HOT 


10.55 What three alkenes (excluding stereoisomers) can be used to prepare 3-chloro-3-methylhexane by addition of HCI? 


b. (CHgCH2),C=CH, 


e. 


10.56 


10.57 


10.58 


10.59 
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Draw all stereoisomers formed in each reaction. 

CH,CH CH 
H Ch; CHa fis vrais NBS 
a. C=C ——> b C=C = c. C=C 


\ : / \ A % 
@ H chch  } H20 cH, y DMSO, H20 


Draw the products of each reaction, including stereoisomers. 


H20 [1] BHg NBS 
a. (CH3),C CH, ——— d. Ch; Sm ig = 
H250, [2] H203, HOT DMSO, H2O 


CH, 
H20 
p eee M, e. Le h. CHsCH=CHCH,CH; = 
HS0, 
CH, 
cl cl 
A ol 
CH3 S 


(a) Which diastereomer of 4-octene yields a mixture of two enantiomers, (4R,5A)- and (4S,5S)-4,5-dibromooctane on reaction 
with Brz? (b) Which diastereomer of 4-octene yields a single meso compound, (4R,5S)-4,5-dibromooctane? 


Using cis- and trans-3-hexene, demonstrate that the addition of HCI is not a stereospecific reaction. Draw the structure of the 
stereoisomers formed from each alkene. 


Mechanisms 


10.60 


10.61 


10.62 


10.63 


10.64 


10.65 


Draw a stepwise mechanism for each reaction. 


say cl OCOCH; Br 
a. ARETE + b. + HBr 9 ——> 
CHCOOH \ 


Draw a stepwise mechanism for each reaction. 


CH, OH 
CH3 CH3 
Ss H20 EN a T 
a. — bee OH 
H,SO, HS0, o~ ch, 


Draw a stepwise mechanism that shows how all three alcohols are formed from the bicyclic alkene. 


OH 
OH 
oe Le i n 
HS0; si 


Less stable alkenes can be isomerized to more stable alkenes by treatment with strong acid. For example, 2,3-dimethyl-1-butene 
is converted to 2,3-dimethyl-2-butene when treated with H2SO,. Draw a stepwise mechanism for this isomerization process. 


When 1,3-butadiene (CH,=CH-—CH=CH,z) is treated with HBr, two constitutional isomers are formed, 
CH3CHBrCH = CH, and BrCH,CH= CHCH3. Draw a stepwise mechanism that accounts for the formation of both products. 


Explain why the addition of HBr to alkenes A and C is regioselective, forming addition products B and D, respectively. 
Br Br 


HBr HBr 
HBr _ Hr COOCH 
Oa eH ie m ~œ COOCHS Pgh 3 
A B c D 
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10.66 Bromoetherification, the addition of the elements of Br and OR to a double bond, is a common method for constructing rings 
containing oxygen atoms. This reaction has been used in the synthesis of the polyether antibiotic monensin (Problem 21.36). 
Draw a stepwise mechanism for the following intramolecular bromoetherification reaction. 


B 
ASO _ CY ; 
Synthesis 


10.67 Devise a synthesis of each product from the given starting material. More than one step is required. 


OH OH Cl Br 
a. ae ee aH mo ee C. e —— UN OCH e. Wi =y X 
OH 


Br Br 
l I 

b. CHy—C—CHg — CHg—C—CH,Br d. (CH3)eCHCH,I ———* (CHg)sCCl f. CH3CH=CH, ——> CH,C=CH 
H H 


10.68 Devise a synthesis of each compound from cyclohexene as the starting material. More than one step is needed. 


CN a OH OH 

‘Ce O -O** +O +o 
“By "Ox 
SCH 


+ enantiomer + enantiomer 


10.69 Devise a synthesis of each compound from (CH3),>CHCH2CH2Br. You may use any needed organic or inorganic reagents. More 
than one step may be ia 


e e a apen aa 


10.70 Devise a synthesis of each epoxide (B and C) from alcohol A. (Hint: Determine what alkene is needed to make each epoxide, 
and begin each synthesis with a reaction that yields the needed alkene from an elimination reaction.) 


OH o 
A B Cc 
10.71 Explain why A is a stable compound but B is not. 


d A 


10.72 (a) What product(s) are formed when the E isomer of CgH;CH= CHCsH; is treated with Brz, followed by one equivalent of KOH? 
Label the resulting alkene(s) as E or Z. (b) What product(s) are formed when the Z isomer of CgHs;CH = CHC,H; is subjected to 
the same reaction sequence? (c) How are the compounds in parts (a) and (b) related to each other? 


Challenge Probiems 


10.73 Alkene A can be isomerized to isocomene, a natural product isolated from goldenrod, by treatment with TSOH. Draw a stepwise 
mechanism for this conversion. (Hint: Look for a carbocation rearrangement.) 


isocomene 
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10.74 Lactones, cyclic esters such as compound A, are prepared by halolactonization, an addition reaction to an alkene. For example, 
iodolactonization of B forms lactone ©, a key intermediate in the synthesis of prostaglandin PGF.,, (Section 4.15). Draw a 
stepwise mechanism for this addition reaction. 


O 
Q HO 
i eae oA , 
: gO IOS, 
(0) S j several steps a 
Aan "NaHCO, TON -OCH ag : 
A HO B iodolactonization| HO ¢ OH 


10.75 Draw a stepwise mechanism for the following reaction. 


HS0, 


+ 

T 
N 

(@) 


OH 


10.76 Like other electrophiles, carbocations add to alkenes to form new carbocations, which can then undergo substitution or 
elimination reactions depending on the reaction conditions. With this in mind, consider the following reactions of nerol, a 
natural product isolated from lemon grass and other plant sources. Treatment of nerol with TSOH forms a-terpineol as the 
major product, whereas treatment of nerol with chlorosulfonic acid, HSO3Cl, forms a constitutional isomer, a-cyclogeraniol. 


Write stepwise mechanisms for both processes. Each mechanism involves the addition of an electrophile—a carbocation — 
to a double bond. 


General reaction 


Rr 
— \ Ni Se _HSO<CI_ _TsOH | 
R*+ = a carbocation new carbocation 
a-cyclogeraniol 


nerol 
eel 


10.77 Draw a stepwise mechanism for the following reaction. This reaction combines two processes together: the opening of 


an epoxide ring with a nucleophile and the addition of an electrophile to a carbon-carbon double bond. (Hint: Begin the 
mechanism by protonating the epoxide ring.) 


o HS0% 
HO HO OH 


11.2 
11.3 
11.4 
11.5 
11.6 


11.7 


11.8 
11.9 
11.10 
11.11 


11.12 
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Introduction 
Nomenclature 
Physical properties 
Interesting alkynes 
Preparation of alkynes 


Introduction to alkyne 
reactions 


Addition of hydrogen 
halides 


Addition of halogen 
Addition of water 
Hydroboration-oxidation 


Reaction of acetylide 
anions 


Synthesis 


Ethynylestradiol is a synthetic compound whose structure closely resembles the carbon 
skeleton of female estrogen hormones. Because it is more potent than its naturally occurring 
analogues, it is a component of several widely used oral contraceptives. Ethynylestradiol and 
related compounds with similar biological activity contain a carbon-carbon triple bond. In 
Chapter 11 we learn about alkynes, hydrocarbons that contain triple bonds. 


11.1 


11.1 Introduction 417 


In Chapter 11 we continue our focus on organic molecules with electron-rich functional 
groups by examining alkynes, compounds that contain a carbon-carbon triple bond. Like 
alkenes, alkynes are nucleophiles with easily broken 7 bonds, and as such, they undergo addi- 
tion reactions with electrophilic reagents. 


Alkynes also undergo a reaction that has no analogy in alkene chemistry. Because a C-H 
bond of an alkyne is more acidic than a C-H bond in an alkene or an alkane, alkynes are readily 
deprotonated with strong base. The resulting nucleophiles react with electrophiles to form new 
carbon-carbon © bonds, so that complex molecules can be prepared from simple starting materi- 
als. The study of alkynes thus affords an opportunity to learn more about organic synthesis. 


Introduction 


Alkynes contain a carbon-carbon triple bond. A terminal alkyne has the triple bond at the end of 
the carbon chain, so that a hydrogen atom is directly bonded to a carbon atom of the triple bond. An 
internal alkyne has a carbon atom bonded to each carbon atom of the triple bond. 


| Alkyne | 


—c=c— CHgCH,CH,—C=C—H CH3CH,CH,—C=C—CH,CH, 


terminal alkyne internal alkyne 
triple bond 


An alkyne has the general molecular formula C„H3, - 2, giving it four fewer hydrogens than the 
maximum number possible. Because every degree of unsaturation removes two hydrogens, a 
triple bond introduces two degrees of unsaturation. 


Draw structures for the three alkynes having molecular formula CsHg and classify each as an 
internal or terminal alkyne. 


Each carbon of a triple bond is sp hybridized and linear, and all bond angles are 180° (Sec- 
tion 1.10C). 


180° 

aN 
H—C=C—H = ~ @ @e 
acetylene t $ 

sp hybridized 


The triple bond of an alkyne consists of one o bond and two m bonds. 


Two r bonds extend out from 
the axis of the linear molecule. 


: one m bond 
2p orbitals 


2p orbitals second m bond 


Overlap of the two sp hybrid orbitals Overlap of two sets of two 2p orbitals 
forms the C—C o bond. forms two C—C r bonds. | 


¢ The o bond is formed by end-on overlap of the two sp hybrid orbitals. 
e Each x bond is formed by side-by-side overlap of two 2p orbitals. 
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Skeletal structures for alkynes 
may look somewhat unusual, 
but they follow the customary 
convention: a carbon atom is 
located at the intersection of 
any two lines and at the end of 
any line; thus, 


11.2 


Bond dissociation energies of the C-C bonds in ethylene (one 6 and one 7 bond) and acetylene (one 
© and two T bonds) can be used to estimate the strength of the second z bond of the triple bond. If 
we assume that the o bond and first r bond in acetylene are similar in strength to the o and 7 bonds 
in ethylene (368 and 267 kJ/mol, respectively), then the second r bond is worth 202 kJ/mol. 


HC=CH CH=CH; 
837 kJ/mol - 635kJ/moa = 202 kJ/mol 
(o + two m bonds) (o + n bond) t 


_ 


second r bond | 


¢ Both x bonds of a C-C triple bond are weaker than a C-C o bond, making them much 
more easily broken. As a result, alkynes undergo many addition reactions. 

e Alkynes are more polarizable than alkenes because the electrons in their n bonds are 
more loosely held. 


Like trans cycloalkenes, cycloalkynes with small rings are unstable. The carbon chain must be 
long enough to connect the two ends of the triple bond without introducing too much strain. 
Cyclooctyne is the smallest isolated cycloalkyne, though it decomposes upon standing at room 


temperature after a short time. 


og cyclooctyne 
To accommodate the triple bond ina ring, 


bending occurs around the sp hybridized C’s, - 
destabilizing the molecule. | 


Santalbic acid, a fatty acid isolated from the seeds of the sandalwood tree, is an unusual fatty 
acid that contains a carbon-carbon triple bond. What orbitals are used to form each of the three 
indicated single bonds in santalbic acid? Rank these o bonds in order of increasing bond strength. 
(c) 
@ () | öü 


santalbic acid 


Nomenclature 


Alkynes are named in the same way that alkenes were named in Section 10.3. 


e Inthe IUPAC system, change the -ane ending of the parent alkane to the suffix -yne. 

¢ Choose the longest carbon chain that contains both atoms of the triple bond and 
number the chain to give the triple bond the lower number. 

e Compounds with two triple bonds are named as diynes, those with three are named as 
triynes, and so forth. 

e Compounds with both a double and a triple bond are named as enynes. The chain is 
numbered to give the first site of unsaturation (either C=C or C=C) the lower number. 
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Sample Problem 11.1 Give the IUPAC name for the following alkyne. 


GH2CHg 
CHCH ~ C=C—-CH;—-C=EH; 
Solution 
[1] Find the longest chain that contains [2] Number the long chain; then name 
both carbons ofthe triple bond. and number the substituents. 


eos REA 


| CHgCH,—C=C—CH,—C-+CH, | CH,CH,—C=C—CH,—C—CH, 


CH3 t tT CHa 
1 3 4 
8 C’s in the longest chain two methyl groups at C6 
octane ---> octyne Answer: 6,6-dimethyl-3-octyne 


The simplest alkyne, HC=CH, named in the IUPAC system as ethyne, is more often called 

acetylene, its common name. The two-carbon alkyl group derived from acetylene is called an 

ethynyl group (HC=C-—). Examples of alkyne nomenclature are shown in Figure 11.1. 
Problem 11.3 Give the IUPAC name for each compound. 

a. H-C=C—CH,C(CH,CH2CHs)g d. 

b. CHgC = CC(CH,)CICHsCHg =s 

c. CH2 = CHCH2CH(CH2CH3)C = CC(CH3)2>CH2CHsCH3 = 


Problem 11.4 Give the structure corresponding to each of the following names. 
a. trans-2-ethynylcyclopentanol b. 4-tert-butyl-5-decyne c. 3-methylcyclononyne 


eri ina =R C=CH CH3;CH,—-C=C—C=CH HC=C—CH,CH=C(CH 
Examples of alkyne o ~ sen eS eH a= = 2CH=C(CHg)z 


nomenclature 
2,5-dimethyl-3-heptyne ethynylcyclohexane 1,3-hexadiyne 5-methyl-4-hexen-1-yne 


11.3 Physical Properties 


The physical properties of alkynes resemble those of hydrocarbons having a similar shape and 
molecular weight. 


e Alkynes have low melting points and boiling points. 
e Melting points and boiling points increase as the number of carbons increases. 
e Alkynes are soluble in organic solvents and insoluble in water. 


Problem 11.5 Explain why an alkyne often has a slightly higher boiling point than an alkene of similar molecular 
weight. For example, the bp of 1-pentyne is 39 °C, and the bp of 1-pentene is 30 °C. 
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11.4 Interesting Alkynes 


Acetylene, HC=CH, is a colorless gas with an ethereal odor that burns in oxygen to form CO, and 
H,O. Because the combustion of acetylene releases more energy per mole of product formed than 
other hydrocarbons, it burns with a very hot flame, making it an excellent fuel for welding torches. 


Ethynylestradiol, the molecule that opened Chapter 11, and norethindrone are two components 
of oral contraceptives that contain a carbon—carbon triple bond (Figure 11.2). Both molecules are 
synthetic analogues of the naturally occurring female hormones estradiol and progesterone, but 
are more potent so they can be administered in lower doses. Most oral contraceptives contain 
two of these synthetic hormones. They act by artificially elevating hormone levels in a woman, 
thereby preventing pregnancy. 


estradiol progesterone 


Figure 11.2 How oral contraceptives work 


ethynylestradiol 
(a synthetic estrogen) 


pituitary gland 


norethindrone 
(a synthetic progesterone) 


cervix 


Monthly cycles of hormones from the pituitary gland cause ovulation, the release of an egg from an ovary. To prevent pregnancy, the 
two synthetic hormones in many oral contraceptives have different effects on the female reproductive system. 


A: The elevated level of ethynylestradiol, a synthetic estrogen, “fools” the pituitary gland into thinking a woman is pregnant, so 
ovulation does not occur. 

B: The elevated level of norethindrone, a synthetic progesterone, stimulates the formation of a thick layer of mucus in the cervix, 
making it difficult for sperm to reach the uterus. 
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Two other synthetic hormones with alkynyl appendages are RU 486 and levonorgestrel. RU 486 
blocks the effects of progesterone, and because of this, prevents implantation of a fertilized egg. 
RU 486 is used to induce abortions within the first few weeks of pregnancy. Levonorgestrel inter- 
feres with ovulation, and so it prevents pregnancy if taken within a few days of unprotected sex. 


(CHg)oN 


RU 486 levonorgestrel 
(Trade name: Mifepristone) (Trade name: Plan B) 


Histrionicotoxin is a diyne isolated in small quantities from the skin of Dendrobates histrioni- 
cus, a colorful South American frog (Figure 11.3). This toxin, secreted by the frog as a natural 
defense mechanism, was used as a poison on arrow tips by the Choco tribe of South America. 


Figure 11.3 
Histrionicotoxin 


histrionicotoxin 


ball-and-stick model Dendrobates histrionicus 
(poison dart frog) 


e Histrionicotoxin is a defensive toxin that protects Dendrobates histrionicus from potential 
predators. These small “poison dart” frogs inhabit the moist humid floor of tropical rainforests, 
and are commonly found in western Ecuador and Colombia. Histrionicotoxin acts by interfering 
with nerve transmission in mammals, resulting in prolonged muscle contraction. 


11.5 Preparation of Alkynes 


Alkynes are prepared by elimination reactions, as discussed in Section 8.10. A strong base 
removes two equivalents of HX from a vicinal or geminal dihalide to yield an alkyne by two 
successive E2 eliminations. 


CH i i C(CH Ner hilly CH,—C=C-C(CH 
3 Ld (CHa)s L2 Hl lg —C=C—C(CHs)g 


geminal dichloride 


WH K* -OC(CH3)s 


CH;—C-C-CH te ll CH,—C=C—CH 
Te DMSO _ a 
Br Br [-2 HBr] 


vicinal dibromide 


Because vicinal dihalides are synthesized by adding halogens to alkenes, an alkene can be con- 
verted to an alkyne by the two-step process illustrated in Sample Problem 11.2. 
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Sample Problem 11.2 Convert alkene A into alkyne B by a stepwise method. 


? 
OO + Ove O 
A B 
Solution 


A two-step method is needed: 


e Addition of X, forms a vicinal dihalide. 
e Elimination of two equivalents of HX forms two n bonds. 


Br. Nat Nat NH 
CH=CH ee C 
(2 “(2 equiv) 
br br twon bonds 
vicinal dibromide 


e This two-step process introduces one degree of unsaturation: an alkene with one 7 
bond is converted to an alkyne with two m bonds. 


Problem 11.6 Convert each compound to 1-hexyne, HC = CCHsCH2CH2CHs3. 
a. BroCH(CH2)4CH3 b. CH» = CCI(CH2)3CH3 C. CH2 = CH(CH2)3CH3 


11.6 Introduction to Alkyne Reactions 


All reactions of alkynes occur because they contain easily broken m bonds or, in the case of 
terminal alkynes, an acidic, sp hybridized C-H bond. 


11.6A Addition Reactions 


Like alkenes, alkynes undergo addition reactions because they contain weak 1 bonds. Two 
sequential reactions take place: addition of one equivalent of reagent forms an alkene, which 
then adds a second equivalent of reagent to yield a product having four new bonds. 


weak r bond 


2 7 = yi 
"Addition reaction | = a ot ae ke Y., =i 


X Y xX Y 
two weak n bonds four new bonds 
(E or Z product) (labeled in red) 


Alkynes are electron rich, as shown in the electrostatic potential map of acetylene in Figure 11.4. 
; The two t bonds form a cylinder of electron density between the two sp hybridized carbon atoms, 

of alkynes, reactions that also j ; ; H 

fvoleaddiitoin. arsrdisciesad and this exposed electron density makes a triple bond nucleophilic. As a result, alkynes react 

in Chapter 12. i with electrophiles. Four addition reactions are discussed in Chapter 11 and illustrated in Figure 

11.5 with 1-butyne as the starting material. 


The oxidation and reduction 


Figure 11.4 
Electrostatic potential 
map of acetylene 


e The red electron-rich region is located between the two carbon atoms, forming a cylinder of 
electron density. 


Figure 11.5 


Four addition reactions 
of 1-butyne 


11.6B 


Recall from Section 2.5D that 
the acidity of a C-H bond 
increases as the percent 
s-character of C increases. 
Thus, the following order 

of relative acidity results: 
Cypa-H < Csp -H < C-H. 
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| Four new bonds are formed. | 


X H 

el 
CHsCHy—-C—-G-H hydrohalogenation 

X H 


2 HX 
(X = Cl, Br, I) 


x 
CH3,CH,—C—C-—H _halogenation 
(X = Cl, Bh oe g 


! Both z bonds are broken. | 


CH¿CH—C=C—H 
1-butyne 


H  hydrati 
H250; CHCH; a ydration 
HgSO, HH 


[1] R2BH CHCH C hydroboration-oxidation 
[2] HO, HO™ ies te D 


FN 
H H 


Terminal Alkynes—Reaction as an Acid 


Because sp hybridized C-H bonds are more acidic than sp” and sp? hybridized C-H bonds, 
terminal alkynes are readily deprotonated with strong base in a Brgénsted—Lowry acid-base reac- 
tion. The resulting anion is called an acetylide anion. 


nce” + Ye — R-C=C> + H-Bt 


terminal alk 
ee i acetylide anion 


What bases can be used for this reaction? Because an acid-base equilibrium favors the weaker 
acid and base, only bases having conjugate acids with pK, values higher than the terminal 
alkyne—that is, pK, values > 25—are strong enough to form a significant concentration of 
acetylide anion. As shown in Table 11.1, NH, and H` are strong enough to deprotonate a terminal 
alkyne, but OH and “OR are not. 


Why is this reaction useful? The acetylide anions formed by deprotonating terminal alkynes are 
strong nucleophiles that can react with a variety of electrophiles, as shown in Section 11.11. 


P m 
R-C=0F + EF => £4-A-C=C-E 


nucleophile electrophile 


[ new bond 
Table 11.1 A Comparison of Bases for Alkyne Deprotonation a. Gi 
pK, of the 
Base conjugate acid 
“NH3 38 
These bases are strong enough to deprotonate an alkyne. e a 
“OH 15.7 


These bases are not strong enough to deprotonate an alkyne. 
“OR 15.5-18 
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ahin 4 ee d 
Problem 11.7 


11.7 


Which bases can deprotonate acetylene? The pK, values of the conjugate acids are given in 
parentheses. 


a. CH3NH" (pK, = 40) b. CO,> (pK, = 10.2) c. CH=CH" (pK, = 44) d. (CH) CO" (pKa = 18) 


Addition of Hydrogen Halides 


Alkynes undergo hydrohalogenation, the addition of hydrogen halides, HX (X = Cl, Br, D). 
Two equivalents of HX are usually used: addition of one mole forms a vinyl halide, which then 
reacts with a second mole of HX to form a geminal dihalide. 


al 


H X. z 
[ ere = H-X E i H-X = Two moles of HX 
| Hydrohalogenation | —C=C— (X= Cl, Br I) bc case are added. 
Î H X H X| “i z 
two weak r bonds (E or Z product) geminal dihalide 
vinyl halide 


Addition of HX to an alkyne is another example of electrophilic addition, because the electro- 
philic (H) end of the reagent is attracted to the electron-rich triple bond. 


e With two equivalents of HX, both H atoms bond to the same carbon. 


e With a terminal alkyne, both H atoms bond to the terminal carbon; that is, the 
hydrohalogenation of alkynes follows Markovnikov’s rule. 


CH3 CH3 H Cl 
= H-Cl N Z H—CI iI—} 
Examples | [1] CHz-—C=C-CH3 E PS. OF a CHa~G—G—CHg 
H Cl | H Cl 
; ` Product can be F 

first equivalent EZ second equivalent 

| H HEC | HBr 
[2] H-C=C-CH,CH, -Br cd HBr H—C-C-—CH;CH, 

Her file! 


Because of the instability of 

a vinyl carbocation, other 
mechanisms for HX addition 
that avoid formation of a 
discrete carbocation have been 
proposed. It is likely that more 
than one mechanism occurs, 
depending in part on the 
identity of the alkyne substrate. 


Both H’s end up on the terminal C. | 


e With only one equivalent of HX, the reaction stops with formation of the vinyl halide. 


S H Chs 
H-c=c-cH, eL, ‘c= 
(1 equiv) A `c 


a vinyl chloride 
(2-chloropropene) 


One currently accepted mechanism for the addition of two equivalents of HX to an alkyne 
involves two steps for each addition of HX: addition of H* (from HX) to form a carboca- 
tion, followed by nucleophilic attack of X. Mechanism 11.1 illustrates the addition of HBr to 
1-butyne to yield 2,2-dibromobutane. Each two-step mechanism is similar to the two-step addi- 
tion of HBr to cis-2-butene discussed in Section 10.9. 


The formation of both carbocations (in Steps [1] and [3]) deserves additional scrutiny. The 
vinyl carbocation formed in Step [1] is sp hybridized and therefore less stable than a 2° sp” 
hybridized carbocation (Section 7.18). This makes electrophilic addition of HX to an alkyne 
slower than electrophilic addition of HX to an alkene, even though alkynes are more polarizable 
and have more loosely held x electrons than alkenes. 
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e Mechanism 11.1 Electrophilic Addition of HX to an Alkyne 


Part [1] Addition of HBr to form a vinyl halide 


H H CHsCHs e The z bond attacks the H atom of HBr to forma 
_ [1] \ [2] Re: 7 ; ; ; 
H-C=C—CH,CH, ———> O=C-CH,CH, —> C=C new C-H bond, generating a vinyl carbocation. 
A batten H H Br Addition follows Markovnikov’s rule: H* adds to 
H—Br: 4 aus a vinyl bromide the less substituted carbon atom to form the 


more substituted, more stable carbocation. 
Nucleophilic attack of Br then forms a vinyl 
bromide; one mole of HBr has now been added. 


(i 


vinyl carbocation 


Part [2] Addition of HBr to form a geminal dihalide 


‘ee az e The second addition of HBr occurs in the 
HBr: ‘Br: same two-step manner. Addition of H* to 
the z bond of the vinyl bromide generates a 
H ( CHCH H ) HCH H Br 
Www aS i. J APCHs fa] i] carbocation. Nucleophilic attack of Br” then 
=C ——> H-C-C —— H-C-C-CH,CH, ; : ; f 
DS S LS i | forms a geminal dibromide (2,2-dibromobutane), 
i ad Ho S H Br and two moles of HBr have now been added 
carbocation 2,2-dibromobutane : 


sp hybridized 


[1] H This unstable carbocation slows the first step, 
H-C=C-CH,CH, ———> C=C—CH,CH, <— making an alkyne less reactive than 
HK | an alkene towards HX. 
H7Br vinyl carbocation 
U ý 


Br- 
In Step [3] two carbocations are possible but only one is formed. Markovnikov addition in Step [3] 
places the H on the terminal carbon (C1) to form the more substituted carbocation A, rather than 


the less substituted carbocation B. Because the more stable carbocation is formed faster—another 
example of the Hammond postulate—carbocation A must be more stable than carbocation B. 


oe: inew bond | new bond | 
H 
MÅ (CH,CHs (3] H CHCH HF 


\ 
BRC. — H-0, NOT C- Ç-CHCHa 
H Br P H Br H Br 
G A 5 


more stable carbocation 


Why is carbocation A, having a positive charge on a carbon that also has a Br atom, more stable? 
Shouldn’t the electronegative Br atom withdraw electron density from the positive charge, and thus 
destabilize it? It turns out that A is stabilized by resonance but B is not. Two resonance structures 
can be drawn for carbocation A, but only one Lewis structure can be drawn for carbocation B. 


H HCH H CHCH H CHCH 
lay F 2CHg ae ek T gei p 
H—C—C «——> H—C—C H—C—C, The positive charge 
1 A [| Na LO Ñ is delocalized. 
H Gpr: HBr Ho Brig 
two resonance structures for A hybrid 


e Resonance stabilizes a molecule by delocalizing charge and electron density. 
e Thus, halogens stabilize an adjacent positive charge by resonance. 


Markovnikov’s rule applies to the addition of HX to vinyl halides because addition of H* forms 
a resonance-stabilized carbocation. As a result, addition of each equivalent of HX to a triple 
bond forms the more stable carbocation, so that both H atoms bond to the less substituted C. 
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Problem 11.8 Draw the organic products formed when each alkyne is treated with two equivalents of HBr. 


a. CH3CH,CH,CH,—C=C—H b. CH3—C=C—CH2CH3 Cc. [ceo 


Problero 11.9 Draw an additional resonance structure for each cation. 


a. ( $i bi: CH,—O—CGH, c. « NH 


+ 


11.8 Addition of Halogen 


Halogens, X, (X = Cl or Br), add to alkynes in much the same way they add to alkenes (Section 
10.13). Addition of one mole of X, forms a trans dihalide, which can then react with a second 
mole of X, to yield a tetrahalide. 


R X xX X 
ET X2 i O X2 I I 
"Halogenation | R—C=C-—R —_—> C=C > R—C—C—R 
\ f | | 
X R ; y 4 
trans dihalide tetrahalide 
“Example | p "e F a TY 
xample \ 
[essai CH;—C=C—CH; —“+ C=C — + CHy=6=0—CH, 
Cl CH3 cl Cl 


Each addition of X involves a two-step process with a bridged halonium ion intermediate, 
reminiscent of the addition of X, to alkenes (Section 10.13). A trans dihalide is formed after 
addition of one equivalent of X, because the intermediate halonium ion ring is opened upon 
backside attack of the nucleophile. Mechanism 11.2 illustrates the addition of two equivalents 
of Cl, to CH3C=CCH; to form CH3CCI,CCI,CH3. 


E Mechanism 11.2 Addition of X, to an Alkyne—Halogenation 


Part [1] Addition of X, to form a trans dihalide 


ld e Two bonds are broken and two are formed in Step [1] to 
i oe n generate a bridged halonium ion. This strained three- 
( ) 1] Gar (2) CHs pe membered ring is highly unstable, making it amenable to 


Bao, -y C=C opening of the ring in the second step. 
slow CH, ( CHa ‘cl: ‘CH, e Nucleophilic attack by CI from the back side forms the 


| nucleophile GIF trans dihalide trans dihalide in Step [2]. 


bridged halonium ion 


Part [2] Addition of Xz to form a tetrahalide 


Pal 
CHa \ se [3] Coe 14] Gh Cr * Electrophilic addition of CI* in Step [3] forms the bridged 
C=C —— oHa C- Cm ë; ——> CHy-C—C-CH halonium ion ring, which is opened with CI to form the 
oh Yong S soft eG, rl: 3G: tetrahalide in Step [4]. 
nucleophile i ‘Cl: tetrahalide 


bridged halonium ion 


Problem 11.10 


Problem 11.11 


11.9 


Because an enol contains both 
a C=C and a hydroxy group, 
the name enol comes from 
alkene + alcohol. 


HgSO, is often used in the 
hydration of internal alkynes 
as well, because hydration can 
be carried out under milder 
reaction conditions. 


Tautomers differ in the position 
of a double bond anda 
hydrogen atom. In Chapter 23 
an in-depth discussion of keto- 
enol tautomers is presented. 
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Draw the products formed when CH3CH2C = CCH2CHs is treated with each reagent: 
(a) Brə (2 equiv); (b) Cl (1 equiv). 


Explain the following result. Although alkenes are generally more reactive than alkynes towards 
electrophiles, the reaction of Clo with 2-butyne can be stopped after one equivalent of Cl, has 
been added. 


Addition of Water 


Although the addition of H,O to an alkyne resembles the acid-catalyzed addition of H,O to an 
alkene in some ways, an important difference exists. In the presence of strong acid or Hg”* cata- 
lyst, the elements of H,O add to the triple bond, but the initial addition product, an enol, is 
unstable and rearranges to a product containing a carbonyl group—that is, a C=O. A carbonyl 
compound having two alkyl groups bonded to the C=O carbon is called a ketone. 


—— H OH H O 
4 on | H20 VA f- — 
| Hydration R-csc-A => C=C => fR- ¢- =% carbonyl group 
HS0, / \ 
HgSO Eo R H R 
iia less stable enol ketone 


| H20 has been added. | 


Internal alkynes undergo hydration with concentrated acid, whereas terminal alkynes require 
the presence of an additional Hg”* catalyst—usually HgSO4—to yield methyl ketones by Mar- 
kovnikov addition of H,O. 


| Examples 


OH o 
H0O \ if 4 
CH,—-C=C-—CHg =Ç => CH;-C-C 
HS0, ZOX ` 
CH; CH, H CHa 
enol | ketones | 
H OH | 
H-C=C-CH Mat ‘ond => HA ¢- 4 
= 3 SO \ a 
Hgso, | 4 CH, CH, 
4 enol methyl ketone 


Markovnikov addition of HO 


H adds to the terminal C. | 


Let’s first examine the conversion of a general enol A to the carbonyl compound B. A and B are 
called tautomers: A is the enol form and B is the keto form of the tautomer. 


e Tautomers are constitutional isomers that differ in the location of a double bond and a 
hydrogen atom. Two tautomers are in equilibrium with each other. 


ca | ketone | 


4 l / 

T ae 257 Xk 
/ ‘O;H 4b ‘Oo 
enol form keto form 

A B 


e An enol tautomer has an O-H group bonded to a C=C. 
e A keto tautomer has a C=O and an additional C -H bond. 
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Equilibrium favors the keto form largely because a C=O is much stronger than a C=C. 
Tautomerization, the process of converting one tautomer into another, is catalyzed by both acid 
and base. Under the strongly acidic conditions of hydration, tautomerization of the enol to the 
keto form occurs rapidly by a two-step process: protonation, followed by deprotonation as 
shown in Mechanism 11.3. 


e Mechanism 11.3 Tautomerization in Acid 


Step [1] Protonation of the enol double bond 


\ Sf If] | 4/ / “ 
JFS —— pr <> —G-@ + H0: e Protonation of the enol C=C with acid (H,0*) adds H* to form a 
( OH H “OH H 40H resonance-stabilized carbocation. 
H- OH, two resonance structures 
U 
Step [2] Deprotonation of the OH group 
| / [2] | / m e Loss of a proton forms the carbonyl group. This step can be 
ae, = T Ot drawn with either resonance structure as starting material. 
H O-H H0: H OQ: Because the acid used in Step [1] is re-formed in Step [2], 


+ tautomerization is acid catalyzed. 


Hydration of an internal alkyne with strong acid forms an enol by a mechanism similar to that of 
the acid-catalyzed hydration of an alkene (Section 10.12). Mechanism 11.4 illustrates the hydra- 
tion of 2-butyne with H,O and H,SO,. Once formed, the enol then tautomerizes to the more stable 
keto form by protonation followed by deprotonation. 


{ò Mechanism 11.4 Hydration of an Alkyne 


Step [1] Addition of the electrophile (H*) to a x bond 


JH-OHp 
ag A 
CH3-C=C—CH, Hs lo=6-CH, + HÖ: e Addition of H* (from H30*) forms an sp 
2-butyne CHa hybridized vinyl carbocation. 


vinyl carbocation 


Steps [2] and [3] Nucleophilic attack of H2O and loss of a proton 


3 H 
H Hag: H 20-4 H,6: H  :O-H 
E ba Tr) 20: bag 4 ue e Nucleophilic attack of H20 on the 
i 3 É pe [3] fe AK 30 carbocation followed by loss of a proton 
CHa CH3 CH3 CH3 CH; forms the enol. 
| (E and Z isomers) enol 
“nucleophilic attack | loss of a proton 
Steps [4] and [5] Tautomerization 
be 
H\ :0-H H GOH H “OSH H20: h 9:  * Tautomerization of the enol to the 
ce =—— CH3- EG > CHy-G-C => CHy-C-C keto form occurs by protonation of the 
CH3 CH, [4] CH, h CH, [5] $ CH, double bond to form a carbocation. 
enol | two resonance structures ketone Loss of a proton from this resonance- 
+ HOË stabilized carbocation generates the 
3 


protonation | | deprotonation | more stable keto form. 


Sample Problem 11.3 


Problem 11.12 


Problem 11.13 


Problem 11.14 


11.10 
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Draw the enol intermediate and the ketone product formed in the following reaction. 


Solution 
First, form the enol by adding H20 to the triple bond with the H bonded to the less substituted 
terminal carbon. 


“HO H The elements of H and OH are 
( Y= y tee = added using Markovnikov's rule. 
=c-H ——> 


enol 


To convert the enol to the keto tautomer, add a proton to the C=C and remove a proton from the 
OH group. In tautomerization, the C— OH bond is converted to a C=O, and a new C-H bond is 
formed on the other enol carbon. 


‘i ka 
Ha 4 Hz Öö H, new bond | 


NY I rit 
C-C—H + H,O* 


Pi ‘a 
I 
ml oy TE i 
O > ~ ketone 
| protonation | | deprotonation | 


e The overall result is the addition of H20 to a triple bond to form a ketone. 


Draw the keto tautomer of each enol. 


OH 
a. b. ra c. OH 
OH a 


What two enols are formed when 2-pentyne is treated with H20, HeSO,, and HgSO,4? Draw the 
ketones formed from these enols after tautomerization. 


(a) Draw two different enol tautomers of 2-methylcyclohexanone. (b) Draw two constitutional 
isomers that are not tautomers, but contain a C=C and an OH group. 


(0) 


2-methylcyclohexanone 


Hydroboration-Oxidation 


Hydroboration—oxidation is a two-step reaction sequence that converts an alkyne to a carbonyl 
compound. 


1 o 


E 
Oo 
T 


R 


- BH M Pe monHoc h 4 E - 
 Hydroboration-oxidation | R-C=C-R > men > man —— = Boor, | H20 is added. | 
H 


R R R R 
| organoborane enol 


“hydroboration oxidation | tautomerization 
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Addition of borane forms an organoborane. 

Oxidation with basic H20, forms an enol. 
Tautomerization of the enol forms a carbonyl compound. 
The overall result is addition of H20 to a triple bond. 


Hydroboration—oxidation of an internal alkyne forms a ketone. Hydroboration of a terminal 
alkyne adds boron to the less substituted, terminal carbon. After oxidation to the enol, tau- 
tomerization yields an aldehyde, a carbonyl compound having a hydrogen atom bonded to the 
carbonyl carbon. Hydroboration of a terminal alkyne is generally carried out with a dialkylborane 
(R,BH), which has been prepared from BH; (Section 10.16). 


Internal alkyne | cH,-c=c-cH, PHs + w CHy-C- “ketone | 
[2] H203, HO / \ L oN | 
H OH H CH3 
enol 
CH H 
"Terminal alkyne | CH,;—-C=C—H OR y ‘ed —=— CA Le “aldeh de 
L ion [2]H,02,HO- AA T i M 
H OH H H 
enol | 


the less substituted C. 


The OH group is bonded to | 


Hydration (H20, H,SO,, and HgSO,) and hydroboration-oxidation (BH; or RBH followed by 
H,02, HO’) both add the elements of H,O across a triple bond. Sample Problem 11.4 shows 
that different constitutional isomers are formed from terminal alkynes in these two reactions 
despite their similarities. 


Sample Problem 11.4 Draw the product formed when CH,CH2C= CH is treated with each of the following sets of 
reagents: (a) H2O, H2504, HgSO,; and (b) RBH, followed by H,02, HO. 


Solution 

(a) With H2O + HS0, + HgSO,, electrophilic addition of H and OH places the H atom on the less 
substituted carbon of the alkyne to form a ketone after tautomerization. (b) In contrast, addition 

of ReBH places the R2B group on the less substituted terminal carbon of the alkyne. Oxidation 
and tautomerization yield an aldehyde. 


_Hon the less substituted C 


HO H o H 
H2O a 4 W ol 
CHCH C=CH C=C == C-C-H 
H2SO4 N 
HgSO, CHCH; H CH3CH2 H 
ketone 
R2BH constitutional isomers | 
Ww - a YZ 
ac H202, HO peg | = CHjCH.-G-C 
CHCH, 4H CHCH; H H H 


aldehyde 


— 


OH on the less substituted C 
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e Addition of H2O using H20, H2SO,, and HgSO, forms methyl ketones from terminal 
alkynes. 

e Addition of H20 using an organoborane, then H202, HO” forms aldehydes from terminal 
alkynes. 


Problem 11.15 Draw the products formed when the following alkynes are treated with each set of reagents: 
[1] H20, HaSO,4, HgSO,; or [2] ReBH followed by H20,, OH. 


a. (CHg),CHCH;—C=CH b. (ceo 


11.11 Reaction of Acetylide Anions 


Terminal alkynes are readily converted to acetylide anions with strong bases such as NaNH, 
and NaH. These anions are strong nucleophiles, capable of reacting with electrophiles such as 
alkyl halides and epoxides. 


nucleophile electrophile 


A 


r e E- o 
R-C=C-H + +B —~ R-C=C07 + Et ——> R-C=C-E 
terminal alkyne acetylide anion 
pKa=25 | new bond 


11.11A Reaction of Acetylide Anions with Alkyl Halides 


Acetylide anions react with unhindered alkyl halides to yield products of nucleophilic 
substitution. 

os Syy2 

ar + —=C=C-—R' —- R-C=C-R' + X 


nucleophile 
new bond 


Because acetylide anions are strong nucleophiles, the mechanism of nucleophilic substitution is 
Sy2, and thus the reaction is fastest with CH;X and 1° alkyl halides. Terminal alkynes (Reac- 
tion [1]) or internal alkynes (Reaction [2]) can be prepared depending on the identity of the 


acetylide anion. 
| nucleophile leaving group 


Sy2 
[1] CHa7CI + ~:C=C-H ——> CH;-C=C-H + cr 


Cl 
L 
new C-C bond | 
ey Sy2 
[2] CHsCH2TBr + —:C=C-CH, ——* CH,CH,—C=C-CH, + Br 
2C's 3C’s 5C's 
e Nucleophilic substitution with acetylide anions forms new carbon-carbon bonds. 


Because organic compounds consist of a carbon framework, reactions that form carbon—carbon 
bonds are especially useful. In Reaction [2], for example, nucleophilic attack of a three-carbon 
acetylide anion on a two-carbon alkyl halide yields a five-carbon alkyne as product. 
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Although nucleophilic substitution with acetylide anions is a very valuable carbon-carbon bond- 
forming reaction, it has the same limitations as any Sy2 reaction. Steric hindrance around the 
leaving group causes 2° and 3° alkyl halides to undergo elimination by an E2 mechanism, 
as shown with 2-bromo-2-methylpropane. Thus, nucleophilic substitution with acetylide anions 
forms new carbon-carbon bonds in high yield only with unhindered CH3X and 1° alkyl halides. 


Steric hindrance prevents an S,2 reaction. The acetylide anion acts as a base instead. 


# 
GHs H j CN CH; 


CHa- G Chp —— e=cH, + H-C=C-H + Br 
Sér CH3 
2-bromo-2-methylpropane E2 product 
3° alkyl halide 


Sample Problem 11.5 Draw the organic products formed in each reaction. 


Br 
a. CH3CHsCH2CH,—Cl + -:C=C-H ——> b. O + ~:C=C-CH ——> 


Solution 

a. Because the alkyl halide is 1° and the b. Because the alkyl halide is 2°, the major 
acetylide anion is a strong nucleophile, product is formed from elimination by 
substitution occurs by an Sy2 mechanism, an E2 mechanism. 


resulting in a new C-C bond. 


ie Br IEN 
x a y + 
CHgCH,CH,CH» {Cl + ~C=C-H Ck y -iC=C-CH; 


1° alkyl halide 
Sp2 2° alkyl halide 
| E2 


Q + H-C=C-CH; + Br 


major product 


CHgCH»CH,CH,-C=C-H + Cr 


Problem 11.16 Draw the organic products formed in each reaction. 
[1] NaH [2] CH3CH,Br 
[1] NaH 
a. H-C=C-—H s a b. C=C—H 
[2] (CH3),CHCH,C! 
[1] NaNH, [2] (CHg)3CCI 
Broblem 11.17 What acetylide anion and alkyl halide can be used to prepare each alkyne? Indicate all possibilities 


when more than one route will work. 
a. (CH3)2CHCH2C = CH b. CH3C = CCHsCH2,CH2CH; c. (CHs)gCC = CCH2CH3 


Because acetylene has two sp hybridized C-H bonds, two sequential reactions can occur to form 
two new carbon-carbon bonds, as shown in Sample Problem 11.6. 


Sample Problem 11.6 Identify the terminal alkyne A and the internal alkyne B in the following reaction sequence. 
[1] NaNH, [1] NaNH> 


[2] CHBr [2]CH,cH,cr P 


H-C=C-H 


The soft coral Capnella imbricata 
is the source of the natural 
product capnellene. 


Figure 11.6 
Use of acetylide anion 


T 
O 0 
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Solution 

In each step, the base “NH: removes a proton on an sp hybridized carbon, and the resulting 
acetylide anion reacts as a nucleophile with an alkyl halide to yield an Sy2 product. The first 
two-step reaction sequence forms the terminal alkyne A by nucleophilic attack of the acetylide 
anion on CHBr. 


“first new c-c bond | 


Ae TS Cc ™~ | 
H-C=C-H + “NH, ———> H-C=C + Chaat —— H-C=C-CH, + Br 
acetylide anion terminal alkyne 
+ :NHg i 


The second two-step reaction sequence forms the internal alkyne B by nucleophilic attack of the 
acetylide anion on CH3CH,Cl. 


second new C—C bond 


i, 
-NH, + H+C=C-CH, T ——> CH,CH,*C=C-CH, + CI 
a 


cetylide anion internal alkyne 
CHCH CI + :NH3 
i 


Sample Problem 11.6 illustrates how a five-carbon product can be prepared from three smaller 
molecules by forming two new carbon—carbon bonds. 


inn i — 
| CHCH; —CI H-fc=c}H | CHBr 


r 


The internal alkyne is prepared E Ea ee a 
from three simpler reactants. | CHCH Jl C=0--CH; | 


new C-C bonds 


Carbon—carbon bond formation with acetylide anions is a valuable reaction used in the synthesis 
of numerous natural products. Two examples include capnellene, isolated from the soft coral 
Capnella imbricata, and niphatoxin B, isolated from a red sea sponge, as shown in Figure 11.6. 


/ \ new C-C bond | 


| 


reactions in the synthesis of [1] ~:C=CH several 
two marine natural products [2] HO C=CH steps 
capnellene 
ip aa a A a 
RO 
[1] HC=C + base ~~ — Z 
2 equiv 
[2] H,O OH (2 equiv) | d | Si 
N N 


B i several 
867 SOO C=C _several 


steps 
p niphatoxin B 


f ] 
new C—C bond | 
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Problem 11.18 


Problem 11.19 


11.11B 


Opening of epoxide rings with 
strong nucleophiles was first 
discussed in Section 9.15A. 


Problem 11.20 


Problem 11.21 


11.12 


11.12A 


Alkynes 


Show how HC = CH, CH3CH,Br, and (CH3),;CHCH2CH2Br can be used to prepare 
CH3CH2C = CCH2zCH2CH(CHs)2. Show all reagents, and use curved arrows to show 
movement of electron pairs. 


Explain why 2,2,5,5-tetramethyl-3-hexyne can’t be made using acetylide anions. 


Reaction of Acetylide Anions with Epoxides 


Acetylide anions are strong nucleophiles that open epoxide rings by an Sy2 mechanism. 
This reaction also results in the formation of a new carbon-carbon bond. Backside attack 
occurs at the less substituted end of the epoxide. 


Sy2 
co backside attack H o- 
C 


AN Hae / 
w0—C., C— ’ 
Hy NUH / tn, 
H 
H i H fg 
-:C=C-H fe 
H 
-0 H 
¥ ŠH 
se—g 
CH`/ \ 
CH, N 
Ù 
\ 
H 


Draw the products of each reaction. 


CHa 
No o HIC=C-H 
oe ae 
a. b. [2] HzO 


Draw the products formed when CH3CH2C = C~Na* reacts with each compound. 
a. CH3CH2CH;Br d. BrCHzCH2CHszCH2OH 

b. (CH3)2CHCH2CH,ClI e. ethylene oxide followed by H2O 

c. (CH3CH2)3CCl f. propene oxide followed by H2O 


[1]-:C=C-H 
[2] H,O 


Synthesis 


The reactions of acetylide anions give us an opportunity to examine organic synthesis more sys- 
tematically. Performing a multistep synthesis can be difficult. Not only must you know the reac- 
tions for a particular functional group, but you must also put these reactions in a logical order, a 
process that takes much practice to master. 


General Terminology and Conventions 


To plan a synthesis of more than one step, we use the process of retrosynthetic analysis—that 
is, working backwards from the desired product to determine the starting materials from which 
it is made (Section 10.18). To write a synthesis working backwards from the product to the start- 
ing material, an open arrow (=>) is used to indicate that the product is drawn on the left and the 
starting material on the right. 


Carefully read the directions 
for each synthesis problem. 
Sometimes a starting material 
is specified, whereas at other 
times you must begin with 

a compound that meets 

a particular criterion; for 
example, you may be asked 
to synthesize a compound 
from alcohols having five or 
fewer carbon atoms. These 
limitations are meant to give 
you some direction in planning 
a multistep synthesis. 


Appendix D lists the carbon- 
carbon bond-forming reactions 
encountered in this text. 


How To Develop a Retrosynthetic Analysis 


Step [1] 


e |f the product has more carbon-carbon o bonds than the starting material, the synthesis must form one or more C-C 
bonds. If not, only functional group interconversion occurs. 

e Match the carbons in the starting material with those in the product, to see where new C-C bonds must be added or 
where functional groups must be changed. 


Step [2] 


e What methods introduce the functional groups in the product? 
e What kind of reactions does the starting material undergo? 


Step [3] 


e Ask: What is the immediate precursor of the product? 

e Compare each precursor to the starting material to determine if there is a one-step reaction that converts one to the 
other. Continue this process until the starting material is reached. 

e Always generate simpler precursors when working backwards. 

e Use fewer steps when multiple routes are possible. 

e Keep in mind that you may need to evaluate several different precursors for a given compound. 


Step [4] 


e To check a retrosynthetic analysis, write out the steps beginning with the starting material, indicating all necessary 


reagents. 


Compare the carbon skeletons of the starting material and product. 


Concentrate on the functional groups in the starting material and product and ask: 


Work backwards from the product and forwards from the starting material. 


Check the synthesis by writing it in the synthetic direction. 
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The product of a synthesis is often called the target compound. Using retrosynthetic analysis, 
we must determine what compound can be converted to the target compound by a single reaction. 
That is, what is the immediate precursor of the target compound? After an appropriate precur- 
sor is identified, this process is continued until we reach a specified starting material. Sometimes 
multiple retrosynthetic pathways are examined before a particular route is decided upon. 


“Retrosynthetic analysis | 
Target compound 


final product 


=> ‘Precursor | == > Precursor| ==> Starting material 


| 


open arrow 


In designing a synthesis, reactions are often divided into two categories: 


e Those that form new carbon-carbon bonds. 


e Those that convert one functional group into another—that is, functional group 
interconversions. 


Carbon-carbon bond-forming reactions are central to organic synthesis because simpler and 
less valuable starting materials can be converted to more complex products. Keep in mind that 
whenever the product of a synthesis has more carbon-carbon bonds than the starting material, 
the synthesis must contain at least one of these reactions. 
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11.12B Examples of Multistep Synthesis 


Retrosynthetic analysis with acetylide anions is illustrated in Sample Problems 11.7 and 11.8. 
Sample Problem 11.7 Devise a synthesis of HC = CCH2CH2CH; from HC = CH and any other organic or inorganic reagents. 


Retrosynthetic Analysis 
The two C’s in the starting material match up with the two sp hybridized C’s in the product, so a 
three-carbon unit must be added. 


| Target compound “Starting material | 


[1] [2] 


| + 
“new C-C bond | X—CH;CH;CH; 


Thinking backwards... 


[1] Form anew C-C bond using an acetylide anion and a 1° alkyl halide. 
[2] Prepare the acetylide anion from acetylene by treatment with base. 


Synthesis 
Deprotonation of HC=CH with NaH forms the acetylide anion, which undergoes Sy2 reaction with 
an alkyl halide to form the target compound, a five-carbon alkyne. 


A two-step process: 
X NatH- E i A 2 p 
Le 
+ H target compound 


acid- tion | Sy2 reaction 


acid-base reaction | Sy2 reaction 


Sample Problem 11.8 Devise a synthesis of the following compound from starting materials having two carbons or fewer. 


oO 

tl 

C, ==> compounds having < 2 C’s 
CH4CHZ ~~CH, p g 


Retrosynthetic Analysis 


A carbon-carbon bond-forming reaction must be used to convert the two-carbon starting 
materials to the four-carbon product. 


| Target compound | | Starting material 
t 


? [1] [2] [3] 
on. i—i CH3CH2—-C=C-—H ==> =C=C—H ==> H-C=Ç-H 
CH3CHs “CH, 
. + 
| new C-C bond | CHCH;X 


Thinking backwards... 


[1] Form the carbonyl group by hydration of a triple bond. 
[2] Form a new C-C bond using an acetylide anion and a 1° alkyl halide. 
[3] Prepare the acetylide anion from acetylene by treatment with base. 


Synthesis 
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Three steps are needed to complete the synthesis. Treatment of HC = CH with NaH forms the 
acetylide anion, which undergoes an Sy2 reaction with an alkyl halide to form a four-carbon 
terminal alkyne. Hydration of the alkyne with H20, H2SO,, and HgSO, yields the target compound. 


= 
H-o=e-H NEE 


t a 
acid-base reaction 


x 
H-C=C:7 + CISCH,CH, ———> H-C=C-CH;CH; 


oO 
te. oA 
HzSO,4 CH3 ~CH2CH, 
+ Cr HgSO, 
Sy2 reaction | = 74 target compound 
S | hydration 


| 


These examples illustrate the synthesis of organic compounds by multistep routes, In Chapter 12 
we will learn other useful reactions that expand our capability to do synthesis. 


Problem 11.22 


Use retrosynthetic analysis to show how 3-hexyne can be prepared from acetylene and any other 


organic and inorganic compounds. Then draw the synthesis in the synthetic direction, showing all 


needed reagents. 


Problem 11.23 


KEY CONCEPTS 


Alkynes 
General Facts About Alkynes 


Devise a synthesis of CH3CH2zCH2CHO from two-carbon starting materials. 


ee 


e Alkynes contain a carbon-carbon triple bond consisting of a strong o bond and two weak n bonds. Each carbon is sp hybridized 


and linear (11.1). 
e Alkynes are named using the suffix -yne (11.2). 


e Alkynes have weak intermolecular forces, giving them low mp’s and low bp’s, and making them water insoluble (11.3). 
e Because its weaker z bonds make an alkyne electron rich, alkynes undergo addition reactions with electrophiles (11.6). 


Addition Reactions of Alkynes 
[1] Hydrohalogenation—Addition of HX (X = Cl, Br, I) (11.7) 


AT 
R=ozc- =A R-C-C-H 
(2 equiv) y i 


geminal dihalide 


[2] Halogenation— Addition of Xp (X = CI or Br) (11.8) 


x—x sue 

R-—C=C—H eau R-G-OrH 
xX X 

tetrahalide 


[3] Hydration— Addition of HzO (11.9) 


HO R af é 
R-C=C—H Z C=C — RCH 

H2SO0, FN 3 

HgSO, HO H __ ketone 


e Markovnikov’s rule is followed. H bonds to the less 
substituted C to form the more stable carbocation. 


Bridged halonium ions are formed as intermediates. 
Anti addition of Xə occurs. 


Markovnikov’s rule is followed. H bonds to the less 
substituted C to form the more stable carbocation. 

e An unstable enol is first formed, which rearranges to a 
carbonyl group. 
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[4] Hydroboration-oxidation — Addition of H2O (11.10) 


Ọ 
I 
[1] RBH R Fi R Sr f sek 
R-C=0-H ano, HO? eG, =~ | XQ H| e The unstable enol, first formed after oxidation, 
[2] H203, H OH H H rearranges to a carbonyl group. 
aldehyde 
enol | 


Reactions Involving Acetylide Anions 
[1] Formation of acetylide anions from terminal alkynes (11.6B) 


i N e Typical bases used for the reaction are NaNH; and 
R-C=C-H + B == R-C=Cr + HBT NaH. 
[2] Reaction of acetylide anions with alkyl halides (11.11A) 


e The reaction follows an Sy2 mechanism. 


z7 
H-C=C:r + RTX =» H-C=C-R + X ; - 
¢ The reaction works best with CH3X and RCH2X. 


[3] Reaction of acetylide anions with epoxides (11.11B) 


[1] O e The reaction follows an Sy2 mechanism. 
H-C=C:- a H—C=C—CH,CH,OH e Opening of the ring occurs from the back side at the 
2 


less substituted end of the epoxide. 


PROBLEMS O tis 


Problems Using Three-Dimensional Models 
11.24 Give the IUPAC name for each compound. 


y 
‘a 060 00 
a. “2 ey ® © b. ad p? 7 ð 
ə ee, v v k 2 = 
v e we? 


11.25 Draw the enol tautomer of (a) and the keto tautomer of (b). 


w A v 4 
M k b oeae o 
KH j v ® 


Structure and Nomenclature 


11.26 Answer the following questions about erlotinib and phomallenic acid C. Erlotinib, sold under the trade name Tarceva, was 
introduced in 2004 for the treatment of lung cancer. Phomallenic acid C is an inhibitor of bacterial fatty acid synthesis. 


() (2 


we =l- 
= = A 
OO ag ZN Q o 
HN - i \S\P-# 
erlotinib phomallenic acid C 


. Which C-H bond in erlotinib is most acidic? 

. What orbitals are used to form the shortest C- C single bond in erlotinib? 

. Which H atom in phomallenic acid C is most acidic? 

How many sp hybridized carbons are contained in phomallenic acid C? 

Rank the labeled bonds in phomallenic acid C in order of increasing bond strength. 


o20n0 9 
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11.27 Draw the seven isomeric alkynes having molecular formula CgH;9, and give the IUPAC name for each compound. Consider 
constitutional isomers only. 


11.28 Give the IUPAC name for each alkyne. 


a. CHsCH»CH(CH;)C=CCH2CH, d. HC=C—CH(CH2CH3)CH2zCH2CH, f a 
b. (CH3)zCHC=CCH(CH 3). e. CH3;CH,C=CCH,C=CCH; 
c. (CH3CH2)zCHC=CCH(CH2CH3)CH(CH3)CH2CH, g. == 
11.29 Give the structure corresponding to each name. 
a. 5,6-dimethyl-2-heptyne c. (4S)-4-chloro-2-pentyne e. 3,4-dimethyl-1,5-octadiyne 
b. 5-tert-butyl-6,6-dimethyl-3-nonyne d. cis-1-ethynyl-2-methylcyclopentane f. (6Z)-6-methyl-6-octen-1-yne 
Tautomers 
11.30 Which of the following pairs of compounds represent keto-enol tautomers? 
oO OH 
e d C SOK and H 
LORS E 
a. CH,~ SCH, an CH SCH, Cc. ii i 


fe) 
o OH (9) OH 
b. or and Cy d. ping and Pee 


11.31 Draw the enol form of each keto tautomer in parts (a) and (b), and the keto form of each enol tautomer in parts (c) and (d). 


2 OH 
a. CH3;CH,CHO b. (two different enols) c. y d. OH 


CHCH3 

11.32 How is each compound related to A? Choose from tautomers, constitutional isomers but not tautomers, or neither. 
OH O Q OH OH O (0) OH 
SS 


11.33 Ignoring stereoisomers, draw the two possible enols for 2-butanone (CH3COCH2CHs), and predict which one is more stable. 


11.34 Conversion of an enol to a ketone also occurs in the presence of base. Draw a stepwise mechanism for the following 


tautomerization. 
HO” 
Qo -2 Oo 
H20 


11.35 Enamines and imines are tautomers that contain N atoms. Draw a stepwise mechanism for the acid-catalyzed conversion of 


enamine X to imine Y. 
i3 H30* 3i 


X Y 
enamine imine 
Reactions 
11.36 Draw the products formed when 1-hexyne is treated with each reagent. 
a. HCI (2 equiv) c. Cl, (2 equiv) e. [1] RoBH; [2] H20, HO™ g. [1] NH3; [2] CHsCH2Br 


b. HBr (2 equiv) d. H20 + HSO; + HgSO, f. NaH h. [1] "NHo; [2] AB H2O 
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11.37 


11.38 


11.39 


11.40 


11.41 


11.42 


11.43 


11.44 


11.45 


Chapter 11 Alkynes 


Draw the products formed when 3-hexyne is treated with each reagent. 


a. HBr (2 equiv) c. H20, HS0, 

b. Bro (2 equiv) d. [1] R2BH; [2] H202, HO™ 
What reagents are needed to convert (CH3CH2)3CC = CH to each compound? 
a. (CH3CH2)3CCOCH3 c. (CH3CH2)3CCClzCH3 

b. (CHsCH2)s3CCHszCHO d. (CH3CH2)sCC = CCH2CH3 


Explain the apparent paradox. Although the addition of one equivalent of HX to an alkyne is more exothermic than the addition 
of HX to an alkene, an alkene reacts faster with HX. 


What alkyne gives each of the following ketones as the only product after hydration with H20, H2SO,, and HgSOQ,? 


Q ? t 
a. —— = b. C C. C d. 
CH “CH, “CH, ey 
O 
What two different alkynes yield 2-butanone from hydration with H2O, H2S0,, and HgSO,4? 
10) 
i 
C. 
CH3 CHCH; 
2-butanone 


What alkyne gives each compound as the only product after hydroboration-oxidation? 


CH,CHO 
a. Cy b. 


0 
Draw the organic products formed in each reaction. 
= 2 HBr 7 H20 
a. a a OE f, OZ CH3 HSO, 
b. (CH3) CC=CH e g. CHCH C=C7 + CH3CH2CH,OTs m 
CH=C Rian h ZOH 1) HO=C- 
Gs ii i 2] NaNH, ww RO 
(2 equiv) 
7 [1] RBH Ling [1] NaNH3 
d: ZEN H0, HO” i ile ail 2] Win 
C=CH [1] NaH 
e. HC=C” + DO —— j. [2] O 
Cy BR 
[3] H2O 


Draw the structure of compounds A-E in the following reaction scheme. 


KOC(CH3) Br. KOC(CH NaNH CHa 
(CHa) ae g ( io) 5 ee 3 C=CCH, 
(2 equiv) 
DMSO 


When alkyne A is treated with NaNH; followed by CHslI, a product having molecular formula CsH100 is formed, but it is not 
compound B. What is the structure of the product and why is it formed? 


H-C=C-CHCH;CHOH ——3€—* CH,~C=C—CH,CH,CH,OH 


[1] NaNH, 
A [2] CHal B 
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11.46 Draw the products formed in each reaction and indicate stereochemistry. 
O 
=C- 1] HC=07 
a. A HOE ig Hy Nncy, TIES 
z CH, "H [2] H20 
H D 
Cl  HC=C- a [1] HC=C~ 
b. a —— d. Heyer “aE 
CH, | CH, CH3 2 
11.47 What reactions are needed to convert alcohol A into either alkyne B or alkyne ©? 
OH Pa ita 
A pa S c S 
11.48 Identify the lettered compounds in the following reaction schemes. Each reaction sequence was used in the synthesis of a 
natural product. 
HC=CCH,OR' 
ine 
a OH | chs Li 
PBrg B 
a. —> A oo CC 
OCOR 
OH 
je] Dp D OH 
b. ZA OR -pno Hose — ee P 
OCH,CH, OH 
[1] NaH nese NaH EE OTs 
—_—— -Q= C=C —— 
[2] CH1 “PIF 
Mechanisms 
11.49 Treatment of 2,2-dibromobutane with two equivalents of strong base affords 1-butyne and 2-butyne, as well as a small amount 


11.50 
11.51 


11.52 


11.53 


of 1,2-butadiene. Draw a mechanism showing how each compound is formed. Which alkyne should be the major product? 
Na+ -NH3 
CH3CBr2CH2CH3 “pea H-—C=C-—CH,CH, + CH3-C=C-CH, + CH »=C=CHCH; 
equiv 
2,2-dibromobutane 1-butyne 2-butyne 1,2-butadiene 
Explain the following statement. Although HC = C7 is more stable than CH2 = CH7, HC = C* is less stable than CH=CH". 


Draw a stepwise mechanism for the following reaction and explain why a mixture of E and Z isomers is formed. 
CH, CH, CH, Cl 


of a 4 
CH3C=CCH; ———> He, C=C + C=C 
Æ y HOY 
H Cl H CH3 
Draw a stepwise mechanism for each reaction. 
SS SS 
OH 
G [1] CHyCH,- Li* k si ee ae 
a. Ç ICH, =O 7 L b. Cc 3 i =CH H507 Hg CH=C C 
H [3] H2O OH 


From what you have learned about enols and the hydration of alkynes, predict what product is formed by the acid-catalyzed 
hydration of CH3CH,CHsC = COCH3. Draw a stepwise mechanism that illustrates how it is formed. 
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Synthesis 


11.54 


11.55 


11.56 


11.57 


11.58 


11.59 


11.60 


11.61 


What steps are needed to prepare phenylacetylene, CsH;C = CH, from each compound: (a) CsgHsCH2CHBrz; (b) CsHsCHBrCH;; 
(c) CeHsCH2CH2OH? 


What acetylide anion and alkyl halide are needed to synthesize each alkyne? 
fo 

a. HC=CCH,CH,CH(CHs)> b. CHs~C=C—C-CH,CH, c. C H o=o-oror on, 
CH3 


Synthesize each compound from acetylene. You may use any other organic or inorganic reagents. 


a. (CH3)2CHCHC=CH c. CH3CHCH2CH CHO e. CH3CH2CH;CCl CH3 
ce) O 
é é 
b. CH3,CHsCH,C=CCH,CH»CH3 d. CH3;CH,CHZ ~CH, f. CH3CH,CHZ ~CH,CH»CH,CH, 
Devise a synthesis of each compound using CH3CH2CH= CH; as the starting material. You may use any other organic 
compounds or inorganic reagents. ~ 2OH 
a. CH3;CH,C = CH d. CH3CH2,CHBrCH,Br g. or 
b. CHCH2CBr2CH3 e. CH3CH,C = CCH2CH,CH3 “C=CCH2CH, 
c. CHsCH2CClaCHCls f. CH3CH2C = CCH2CH2OH (+ enantiomer) 


Devise a synthesis of each compound. You may use HC = CH, ethylene oxide, and alkyl halides as organic starting materials 
and any inorganic reagents. 

a. CH3gCH2,CH2,CHsCH2CH2C = CH c. CHsCHsCH2,CHsCH2CHsC = CCH2CH2OH 

b. CHCH2CH2CH2CH2CH2C = CCH2CH, d. CHsCH2,CHsCH2CHsCH2C = CCH2CH20CH2CHs 

Devise a synthesis of the ketone 3-hexanone, CH3CH2,COCH,CH2CHs, from CH3CH2Br as the only organic starting material; 
that is, all the carbon atoms in 3-hexanone must come from GH3CH2Br. You may use any other needed reagents. 


Devise a synthesis of each compound using CH3CH2CH2OH as the only organic starting material: (a) CH3C = CCH2CH2CHs; 
(b) CH3C = CCH2,CH(OH)CH3. You may use any other needed inorganic reagents. 


Devise a synthesis of each compound from CH3CH2OH as the only organic starting material: (a) CH3CH,C = CCH2CH2OH; 
(b) CHgCH2C = CCH2CH2OCH2CH3. You may use any other needed reagents. 


Challenge Problems 


11.62 


11.63 


11.64 


11.65 


Explain why the C=C of an enol is more nucleophilic than the C=C of an alkene, despite the fact that the electronegative 
oxygen atom of the enol inductively withdraws electron density from the carbon-carbon double bond. 


Draw a stepwise mechanism for the following reaction. 
OH (6) 


H,0* 


Draw a stepwise mechanism for the following reaction. 


6) 
Bro it 


CH,-C=C-H —— Cc 
7 HO CH ~CH,Br 


Why is compound X formed in the following reaction, instead of its constitutional isomer Y? 


CHOH ne OCH 
ý TsOH a» 


O~ “OCH; Oo 
X Y 


Problems 443 


11.66 Write a stepwise mechanism for each of the following reactions. Explain why a more stable alkyne (2-butyne) is isomerized to a 
less stable alkyne (1-butyne), but under similar conditions, 2,5-dimethyl-3-hexyne forms 2,5-dimethyl-2,3-hexadiene. 


[1] KNH», NH3 


CH;—C=C-—CH, 2] P,O HC=C-CH;CH3 
2-butyne 1-butyne 

H H 

CH,),CH-C=C-CHI(CH,), -NH2 NHs ° oe 

( 3)2 = ( 32 [2] HO / a ae \ 
CH3 CH(CHa)2 
2,5-dimethyl-3-hexyne 2,5-dimethyl-2,3-hexadiene 

11.67 Draw a stepwise mechanism for the following intramolecular reaction. 
Q cH, 


OH [Hs HCO.H 
$ — 
cl y H20 


11.68 Explain why an optically active solution of (R)-a.-methylbutyrophenone loses its optical activity when dilute acid is added to 
the solution. j 


(R)-x-methylbutyrophenone 


Introduction 
12.2 Reducing agents 
12.3 Reduction of alkenes 
12.4 Application: 
Hydrogenation of oils 
12.5 Reduction of alkynes 


12.6 The reduction of polar 
C-—Xo bonds 


12.7 Oxidizing agents 
12.8 Epoxidation 
12.9 Dihydroxylation 


12.10 Oxidative cleavage of 
alkenes 


12.11 Oxidative cleavage of 
alkynes 


12.12 Oxidation of alcohols 
12.13 Green chemistry 


12.14 Application: The 
oxidation of ethanol 


12.15 Sharpless epoxidation 


Throughout history, humans have ingested alcoholic beverages for their pleasant taste 
and the feeling of euphoria they impart. Wine, beer, and similar products contain ethanol 
(CH3CHOH), a 1° alcohol that is quickly absorbed in the stomach and small intestines and 
rapidly transported in the bloodstream to other organs. Like other 1° alcohols, ethanol is 
easily oxidized, and as a result, ethanol is metabolized in the body by a series of enzyme- 
catalyzed oxidation reactions that take place in the liver. In Chapter 12, we learn about 
oxidation and reduction reactions of organic molecules like ethanol. 
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12.1 


Two components are always 
present in an oxidation or 
reduction reaction—one 
component is oxidized and 
one is reduced. When an 
organic compound is oxidized 
by a reagent, the reagent itself 
must be reduced. Similarly, 
when an organic compound 
is reduced by a reagent, the 
reagent becomes oxidized. 


Figure 12.1 

A general scheme for the 
oxidation and reduction of a 
carbon compound 


Figure 12.2 
Oxidation and reduction of 
hydrocarbons 
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In Chapter 12, we discuss the oxidation and reduction of alkenes and alkynes, as well as 
compounds with polar C-X o bonds—alcohols, alkyl halides, and epoxides. Although there 
will be many different reagents and mechanisms, discussing these reactions as a group allows us 
to more easily compare and contrast them. 


The word mechanism will often be used loosely here. In contrast to the Syl reaction of alkyl 
halides or the electrophilic addition reactions of alkenes, the details of some of the mechanisms 
presented in Chapter 12 are known with less certainty. For example, although the identity of a 
particular intermediate might be confirmed by experiment, other details of the mechanism are 
suggested by the structure or stereochemistry of the final product. 


Oxidation and reduction reactions are very versatile, and knowing them allows us to design many 
more complex organic syntheses. 


Introduction 


Recall from Section 4.14 that the way to determine whether an organic compound has been oxi- 
dized or reduced is to compare the relative number of C-H and C-Z bonds (Z = an element 
more electronegative than carbon) in the starting material and product. 


e Oxidation results in an increase in the number of C- Z bonds (usually C- O bonds) or a 
decrease in the number of C- H bonds. 

¢ Reduction results in a decrease in the number of C- Z bonds (usually C- O bonds) or 
an increase in the number of C-H bonds. 


Thus, an organic compound such as CH, can be oxidized by replacing C-H bonds with C-O 
bonds, as shown in Figure 12.1. Reduction is the opposite of oxidation, so Figure 12.1 also shows 
how a compound can be reduced by replacing C—O bonds with C-H bonds. The symbols [O] 
and [H] indicate oxidation and reduction, respectively. 


Sometimes two carbon atoms are involved in a single oxidation or reduction reaction, and the net 
change in the number of C-H or C-Z bonds at both atoms must be taken into account. The 
conversion of an alkyne to an alkene and an alkene to an alkane are examples of reduction, 
because each process adds two new C-H bonds to the starting material, as shown in Figure 12.2. 


Oxidation 


H H 
| O 0) O 

H-Ç-H Ol; H-Ç-OH Ol ; = = — O=C=O0 
4 [H] h H H IH} Ho [H] most oxidized 


form of carbon 


most reduced 
form of carbon 


| Reduction | 
| Oxidation | 


| Reduction | 
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Problem 12.1 


12.2 


Classify each reaction as oxidation, reduction, or neither. 


Ọ fe) 

Il II 

a. n ; om —-* C 
ial ee C CHS SCH, CH;~ “OCH, 

b. O eS © d. CH=CH; ——* CH}CH;CI 


Reducing Agents 


Reducing agents provide the equivalent of two hydrogen atoms, but there are three types of 
reductions, differing in how H; is added. The simplest reducing agent is molecular H}. Reduc- 
tions of this sort are carried out in the presence of a metal catalyst that acts as a surface on which 
the reaction occurs. 


The second way to deliver H, in a reduction is to add two protons and two electrons to a 
substrate—that is, H, = 2 H* + 2 e7. Reducing agents of this sort use alkali metals as a source 
of electrons and liquid ammonia (NH3) as a source of protons. Reductions with Na in NH; are 
called dissolving metal reductions. 


2Na — 2Nat + |2e | 
2NHy — 2-NH, + |2 | 


The third way to deliver the equivalent of two hydrogen atoms is to add hydride (H`) and a pro- 
ton (H*). The most common hydride reducing agents contain a hydrogen atom bonded to boron 
or aluminum. Simple examples include sodium borohydride (NaBH,) and lithium aluminum 
hydride (LiAJH,). These reagents deliver H` to a substrate, and then a proton is added from H,O 


or an alcohol, 
| NaBH | | LiAIH, | 


an equivalent of H2 
for reduction 


i i 
Nat H-B-H Lit H-AIFH 
H H 
sodium borohydride lithium aluminum hydride 


¢ Metal hydride reagents act as a source of H because they contain polar metal- 
hydrogen bonds that place a partial negative charge on hydrogen. 


+ 
i = [| 
st & 
t 
a polar metal—hydrogen bond 
M=BorAl 


12.3 


Hydrogenation catalysts 

are insoluble in common 
solvents, thus creating a 
heterogeneous reaction 
mixture. This insolubility has 
a practical advantage. These 
catalysts contain expensive 
metals, but they can be filtered 
away from the other reactants 
after the reaction is complete, 
and then reused. 


Problem 12.2 


Problem 12.3 


12.3A 


Recall from Chapter 8 that 
trans alkenes are generally 
more stable than cis alkenes. 
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Reduction of Alkenes 


Reduction of an alkene forms an alkane by addition of H}. Two bonds are broken—the weak 
T bond of the alkene and the H) o bond—and two new C-H o bonds are formed. 


| Hydrogenation | aa | | 
Hydrogenation C=C + H-H =O= 
/ | \ metal lel 
catalyst HH — hH; is added. 
weak z bond alkane 


The addition of H, occurs only in the presence of a metal catalyst, and thus, the reaction is called 
catalytic hydrogenation. The catalyst consists of a metal—usually Pd, Pt, or Ni—adsorbed onto 
a finely divided inert solid, such as charcoal. For example, the catalyst 10% Pd on carbon is com- 
posed of 10% Pd and 90% carbon, by weight. H, adds in a syn fashion, as shown in Equation [2]. 


H H H H 
Examples H l l 
| Examples | [1] bag = H-C-C-H 


3 -—i—l— 
H H Pd-C “H H <—Hbis added. 


CHa 
CH3 Hə AIH 7 
[2] ———- +— syn addition of Hp 
Pd-C uoH 
CH, 


CH, 


What alkane is formed when each alkene is treated with Hz and a Pd catalyst? 


CH3 JFeCH(CHo) 
\ 
a. C=C b. Ee e G. 
FA x CY 


CH, H 
Draw all alkenes that react with one equivalent of Hz in the presence of a palladium catalyst to form 
each alkane. Consider constitutional isomers only. 


ale it nd oe "D 


Hydrogenation and Alkene Stability 


Hydrogenation reactions are exothermic because the bonds in the product are stronger than the 
bonds in the starting materials, making them similar to other alkene addition reactions. The AH® 
for hydrogenation, called the heat of hydrogenation, can be used as a measure of the relative 
stability of two different alkenes that are hydrogenated to the same alkane. 


For example, both cis- and trans-2-butene are hydrogenated to butane, and the heat of hydroge- 
nation for the trans isomer is less than that for the cis isomer. Because less energy is released 
in converting the trans alkene to butane, it must be lower in energy (more stable) to begin 
with. The relative energies of the butene isomers are illustrated in Figure 12.3. 


CH, (CH; 
\ H 
| cis alkene | Cac —2-+ CHCHCHCH; AH° = 120 kJ/mol 
fo N Pd-C 
H H 
same product 
CH3 H 
mE S H> 
trans alkene | F =R, —_ CH3CH2CH2CH3 AH® = ~115 kJ/mol 
ef CH, Pd-C 


more stable Less energy is released. 
starting material 
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Figure 12.3 cis isomer 
Relative energies of cis- CH3 wie __ trans isomer 
\ 
and trans-2-butene less stable alkene ols Jm 
C=C more stable alkene 
More energy is released. 7 
H CH3 Less energy is released. 
AH? = —120 kJ/mol AH? = -115 kJ/mol 
CH3CH,CH,CH, CH3CH2CH2CH 3 


e When hydrogenation of two alkenes gives the same alkane, the more stable alkene has 
the smaller heat of hydrogenation. 


Problemi )2. Which alkene in each pair has the larger heat of hydrogenation? 
a. W Tr AA b. CY or Cy 
Problem 12,5 Explain why heats of hydrogenation cannot be used to determine the relative stability of 


2-methyl-2-pentene and 3-methyl-1-pentene. 


12.3B The Mechanism of Catalytic Hydrogenation 


In the generally accepted mechanism for catalytic hydrogenation, the surface of the metal catalyst 
binds both H; and the alkene, and H; is transferred to the 7 bond in a rapid but stepwise process 
(Mechanism 12.1). 


{a Mechanism 12.1 Addition of H, to an Alkene—Hydrogenation 


Steps [1] and [2] Complexation of H; and the alkene to the catalyst 


KEE” = L8407 a 2 LEP 
ar 


catalyst 


¢ H; adsorbs to the catalyst surface with partial or complete cleavage of the H-H bond. 
e The x bond of the alkene complexes with the metal. 


Steps [3] and [4] Sequential addition of the elements of H2 


catalyst regenerated 


+ Two H atoms are transferred sequentially to the z bond in Steps [3] and [4], forming the alkane. 
e Because the product alkane no longer has a n bond with which to complex to the metal, it is released from the catalyst 
surface. 


Problem 12.6 


12.3C 


Sample Problem 12.1 
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The mechanism explains two facts about hydrogenation: 


e Rapid, sequential addition of H> occurs from the side of the alkene complexed to the 
metal surface, resulting in syn addition. 

e Less crowded double bonds complex more readily to the catalyst surface, resulting in 
faster reaction. 


Given that syn addition of Hz occurs from both sides of a trigonal planar double bond, draw all 
stereoisomers formed when each alkene is treated with Ho. 


H GH:CHg 
a be b. ou =r c. ecr, 
H  CH,CH,CH, 


Hydrogenation Data and Degrees of Unsaturation 


Recall from Section 10.2 that the number of degrees of unsaturation gives the total number 
of rings and 7 bonds in a molecule. Because H, adds to x bonds but does not add to the C-C 
© bonds of rings, hydrogenation allows us to determine how many degrees of unsaturation are 
due to T bonds and how many are due to rings. This is done by comparing the number of degrees 
of unsaturation before and after a molecule is treated with Hb), as illustrated in Sample 
Problem 12.1. 


How many rings and m bonds are contained in a compound of molecular formula CsH42 that is 
hydrogenated to a compound of molecular formula CgH,4? 


Solution 
[1] Determine the number of degrees of unsaturation in the compounds before and after 
hydrogenation. 


Before Hz addition —CsH42 After H; addition—C,gH,,4 
e The maximum number of H’s possible e The maximum number of H’s possible 
for n C’s is 2n + 2; in this example, for n C’s is 2n + 2; in this example, 
2n + 2 = 2(8) + 2 = 18. 2n + 2 = 2(8) + 2 = 18. 
¢ 18 H’s (maximum) — 12 H’s (actual) = e 18 H’s (maximum) - 14 H’s (actual) = 
6 H’s fewer than the maximum 4 H’s fewer than the maximum 
number. number. 
6 H’s fewer than the maximum 4 H’s fewer than the maximum 
2 H’s removed for each degree = 2 H’s removed for each degree 
of unsaturation of unsaturation 


three degrees of unsaturation two degrees of unsaturation 
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[2] Assign the number of degrees of unsaturation to rings or z bonds as follows: 


e The number of degrees of unsaturation that remain in the product after Hz addition = the 
number of rings in the starting material. 
e The number of degrees of unsaturation that react with Hz = the number of 1 bonds. 


In this example, two degrees of unsaturation remain after hydrogenation, so the starting material 
has two rings. Thus: 


|| i 7a 
Before Hp addition: ` After H) addition: 
three degrees of unsaturation — two degrees of unsaturation = one degree of unsaturation that reacted with Ho 
three rings or z bonds = two rings + onentbond ANSWER 
in CH12 


Problem 12.7 Complete the missing information for compounds A, B, and C, each subjected to hydrogenation. 
The number of rings and z bonds refers to the reactant (A, B, or C) prior to hydrogenation. 


Compound Molecular formula Molecular formula Number Number of 
before hydrogenation after hydrogenation of rings n bonds 
A CyoHi2 CroHi6 ? ? 
B ? C4Hi0 0 1 
Cc CeHs ? 1 ? 


12.3D Hydrogenation of Other Double Bonds 


Compounds that contain a carbonyl group also react with H, and a metal catalyst. For example, 
aldehydes and ketones are reduced to 1° and 2° alcohols, respectively. We return to this reac- 


tion in Chapter 20. 


mea fe) O-H) , 
O -H <— His added. 
i O-H 2 
C H2 i  <— H3 is added. Ho Hi 
CHO “HCH CTH —- 
3 Pd-C = Pd-C 


aldehyde 1° alcohol ketone 2° alcohol 


12.4 Application: Hydrogenation of Oils 
Many processed foods, such as peanut butter, margarine, and some brands of crackers, contain 
partially hydrogenated vegetable oils. These oils are produced by hydrogenating the long hydro- 
carbon chains of triacylglycerols. 
In Section 10.6 we learned that fats and oils are triacylglycerols that differ in the number of 
degrees of unsaturation in their long alkyl side chains. 


J 
O R 
O The number of double bonds 
ok in the R groups makes a 
R' triacylglycerol either a fat or an oil. 
a 
(0) 


triacylglycerol 
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e Fats—usually animal in origin—are solids with triacylglycerols having few degrees of 
unsaturation. 

e Oils—usually vegetable in origin—are liquids with triacylglycerols having a larger 
number of degrees of unsaturation. 


When an unsaturated vegetable oil is treated with hydrogen, some (or all) of the m bonds add 
Hp, decreasing the number of degrees of unsaturation (Figure 12.4). This increases the melting 
point of the oil. For example, margarine is prepared by partially hydrogenating vegetable oil to 
N ONA give a product having a semi-solid consistency that more closely resembles butter. This process 


SUGAR, PARTIALLY HYDROGEN- SEER : 
ATED VEGETABLE OILS (RAPESEED, MAIKA sometimes called hardening. 


AUEREN AD rear. ÚJ If unsaturated oils are healthier than saturated fats, why does the food industry hydrogenate oils? 
: There are two reasons—aesthetics and shelf life. Consumers prefer the semi-solid consistency of 
Peanut butter is a common margarine to a liquid oil. Imagine pouring vegetable oil on a piece of toast or pancakes. 
consumer product that 
contains partially hydrogenated 
vegetable oil. 


Furthermore, unsaturated oils are more susceptible than saturated fats to oxidation at the allylic 
carbon atoms—the carbons adjacent to the double bond carbons—a process discussed in Chap- 
_ ter 15. Oxidation makes the oil rancid and inedible. Hydrogenating the double bonds reduces the 
number of allylic carbons (also illustrated in Figure 12.4), thus reducing the likelihood of oxidation 
and increasing the shelf life of the food product. This process reflects a delicate balance between 
providing consumers with healthier food products, while maximizing shelf life to prevent spoilage. 


One other fact is worthy of note. Because the steps in hydrogenation are reversible and H atoms 
are added in a sequential rather than concerted fashion, a cis double bond can be isomerized to a 
trans double bond. After addition of one H atom (Step [3] in Mechanism 12.1), an intermediate 
can lose a hydrogen atom to re-form a double bond with either the cis or trans configuration. 


As a result, some of the cis double bonds in vegetable oils are converted to trans double bonds 
during hydrogenation, forming so-called “trans fats.” The shape of the resulting fatty acid chain 
is very different, closely resembling the shape of a saturated fatty acid chain. Consequently, trans 


Figure 12.4 Partial hydrogenation of the double bonds in a vegetable oil 


Unsaturated vegetable oil 
e two C=C’s 
e lower melting 


e liquid at room temperature 


Add H; to one a an iv) 
=C only. 
GRE only Pd-C 


Partially hydrogenated oil in margarine 
e one C=C 

e higher melting 

e semi-solid at room temperature 


= an allylic carbon—a C adjacent to a C=C 


e Decreasing the number of degrees of unsaturation increases the melting point. Only one long chain of the triacylglycerol is drawn. 

e When an oil is partially hydrogenated, some double bonds react with Hz, whereas some double bonds remain in the product. 

e Partial hydrogenation decreases the number of allylic sites (shown in blue), making a triacylglycerol less susceptible to oxidation, 
thereby increasing its shelf life. 
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fats are thought to have the same negative effects on blood cholesterol levels as saturated fats; that 
is, trans fats stimulate cholesterol synthesis in the liver, thus increasing blood cholesterol levels, 
a factor linked to increased risk of heart disease. 

trans double bond 


top Xe Xe dK 


/ a trans fatty acid chain 
| similar shape | 
o S o o @ 


A dA 
= oh AK @ ee, 
a a or Or Oe or ee A 


a saturated fatty acid chain 


ee 
e‘ 
e 


Protas ’. Draw the products formed when triacylglycerol A is treated with each reagent, forming compounds 
B and C. Rank A, B, and C in order of increasing melting point. 


(0) 


aif N 
E i a. Hp (excess), Pd-C (Compound B) 
(CH2)e(CH2CH=CH)2(CH2)4CH3 b. Ho (1 equiv), Pd-C (Compound C) 


A (CH2)16CH3 


O 
A 


12.5 Reduction of Alkynes 


Reduction of an alkyne adds H, to one or both of the x bonds. There are three different ways 
by which the elements of H, can be added to a triple bond. 


e Adding two equivalents of Hz forms an alkane. 


H H 
R-C=0-R ——2—» R-C- c- 
4H 
alkane 


e Adding one equivalent of H3 in a syn fashion forms a cis alkene. 


z Ho \ = Fá 
R-C=C-R rea be, syn addition 
H H 
cis alkene 


e Adding one equivalent of H; in an anti fashion forms a trans alkene. 


_ Ho A, j 
R-C=C-R Tegu) F . anti addition 


trans alkene 


12.5A 


Problem 12.9 


12.5B 


Reduction of an alkyne to a cis 
alkene is a stereoselective 
reaction, because only one 
stereoisomer is formed. 


Jasmine flowers are the source 
of cis-jasmone, a perfume 
component. 


12.5 Reduction of Alkynes 453 


Reduction of an Alkyne to an Alkane 


When an alkyne is treated with two or more equivalents of H, and a Pd catalyst, reduction of both 
tT bonds occurs. Syn addition of one equivalent of H, forms a cis alkene, which adds a second 
equivalent of H; to form an alkane. Four new C-H bonds are formed. By using a Pd-C cata- 
lyst, it is not possible to stop the reaction after addition of only one equivalent of H}. 


i ] R R H 
General _ H2 bë Hs j 
reaction | R-C=C—R Pd-C / \ Pd-C Rook 
H H 
H H] 
cis alkene Ik 
(not isolated) alkane’ 
first addition of Ho second addition of Hp 
CH CH 
if At) CHs—C=C-CHs -pg ia pag OH: P i CH 


Which alkyne has the smaller heat of hydrogenation, HC =CCH2CH2CH3 or CH3C = CCH2CH3? 
Explain your choice. 


Reduction of an Alkyne to a Cis Alkene 


Palladium metal is too active a catalyst to allow the hydrogenation of an alkyne to stop after 
one equivalent of Hy. To prepare a cis alkene from an alkyne and Hyp, a less active Pd catalyst is 
used—Pd adsorbed onto CaCO; with added lead(II) acetate and quinoline. This catalyst is called 
the Lindlar catalyst after the chemist who first prepared it. Compared to Pd metal, the Lindlar 
catalyst is deactivated or “poisoned.” 


Pd on CaCO, S 
+ Pb(OCOCH,), + quinoline Bg 
N 


Lindlar catalyst quinoline 
With the Lindlar catalyst, one equivalent of H, adds to an alkyne, and the cis alkene product 
is unreactive to further reduction. 


R R 
f } H3 \ / 
_ General reaction | R-C=C-R Indiar catalyst re. 
H H 
cis alkene 
CH CH 
, E Hz a 
Example CH3—-C=C—CHg “Lindlar catalyst” pr 
H H 


Problem 12.10 What is the structure of cis-jasmone, a natural product isolated from jasmine 
flowers, formed by treatment of alkyne A with H3 in the presence of the Lindlar catalyst? 


(0) 
CH,—C=C—CH2CH3 H 
—____2____,  Gis-jasmone 
Lindlar catalyst 


CHa 
A 
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NH; has a boiling point of 

-33 °C, making it a gas at room 
temperature. To carry out a 

Na, NHs reduction, NH3 gas 

is condensed into a flask kept 
at -78 °C by a cooling bath of 
solid CO; in acetone. When Na 
is added to the liquid NHs, a 
brilliant blue solution is formed. 
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(a) Draw the structure of a compound of molecular formula CgH,9 that reacts with H» in the presence 
of Pd-C but does not react with H; in the presence of Lindlar catalyst. (b) Draw the structure of a 
compound of molecular formula CgH;9 that reacts with Hz when either catalyst is present. 


Reduction of an Alkyne to a Trans Alkene 


Although catalytic hydrogenation is a convenient method for preparing cis alkenes from alkynes, 
it cannot be used to prepare trans alkenes. With a dissolving metal reduction (such as Na in NH3), 
however, the elements of H, are added in an anti fashion to the triple bond, thus forming a trans 
alkene. For example, 2-butyne reacts with Na in NH; to form trans-2-butene. 


R H 
peT S 
| General reaction | R-C=C-R Ma., C=6 
L NH3 as 
H R 
trans alkene 


CH 
“example | Na tof" 
| Example | CH3—C=C—CH3 on a pac 
2-butyne : H CH3 
trans-2-butene 


The mechanism for the dissolving metal reduction using Na in NH; features sequential addi- 
tion of electrons and protons to the triple bond. Half-headed arrows denoting the movement of a 
single electron must be used in two steps when Na donates one electron. The mechanism can be 
divided conceptually into two parts, each of which consists of two steps: addition of an electron 
followed by protonation of the resulting negative charge, as shown in Mechanism 12.2. 


{ò Mechanism 12.2 Dissolving Metal Reduction of an Alkyne to a Trans Alkene 


Steps [1] and [2] Addition of one electron and one proton to form a radical 


A] 
R-C=C-R 


Na — Nat + e& 


[1] 


e Addition of an electron to the triple bond in 


a H=NH; H Step [1] forms a radical anion, a species 
R-C=C-R C=C-R containing both a negative charge and an 
: A [2] i unpaired electron. 
radical anion 


radical e Protonation of the anion with the solvent 
+ NH; NH; in Step [2] yields a radical. The net 
effect of Steps [1] and [2] is to add one 


hydrogen atom (H*) to the triple bond. 


Steps [3] and [4] Addition of one electron and one proton to form the trans alkene 


Na — Nat + œe 


carbanion H—NH, 


H R H R e Addition of a second electron to the radical 
= ey bed + -NH in Step [3] forms a carbanion. 
x = [4] xy e Protonation of the carbanion in Step [4] 


forms the trans alkene. These last two 
steps add the second hydrogen atom (H°) 
to the triple bond. 
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Although the vinyl carbanion formed in Step [3] could have two different arrangements of its R 
groups, only the trans alkene is formed from the more stable vinyl carbanion; this carbanion has 
the larger R groups farther away from each other to avoid steric interactions. Protonation of this 
anion leads to the more stable trans product. 


\ a 
The larger R groups are farther —> C=C pre 
away from each other. icf z =f N 
R [m iR] 
Dissolving metal reduction of more stable vinyl carbanion 
a triple bond with Na in NH Steric interactions destabilize 
is a stereoselective reaction trans alkene this vinyl carbanion. 
because it forms a trans 
product exclusively. e Dissolving metal reductions always form the more stable trans product preferentially. 


The three methods to reduce a triple bond are summarized in Figure 12.5 using 3-hexyne as 
starting material. 


Figure 12.5 H W 
Summary: Three methods to CHsCHa-G—-G—CH2CHs 
reduce a triple bond H H 
hexane 
CHCH CH;CH3 
CH,CH,—C=C—CH,CHg b= 


Lindlar / 
3-hexyne catalyst H H 


cis-3-hexene 


CHCH; H 
X 


/ 
H CHCH; 
trans-3-hexene 


Problem 12.12 What product is formed when CHOCH2CH;C = CCHCH(CH»); is treated with each reagent: (a) He 
(excess), Pd-C; (b) He (t equiv), Lindlar catalyst; (c) Hə (excess), Lindlar catalyst; (d) Na, NH3? 


Problem 12.13 A chiral alkyne A with molecular formula CgHi is reduced with Hp and Lindlar catalyst to B having 
the R configuration at its stereogenic center. What are the structures of A and B? 


12.6 The Reduction of Polar C-X o Bonds 


Compounds containing polar C~ X o bonds that react with strong nucleophiles are reduced with 
metal hydride reagents, most commonly lithium aluminum hydride. Two functional groups pos- 
sessing both of these characteristics are alkyl halides and epoxides. Alkyl] halides are reduced to 
alkanes with loss of X as the leaving group. Epoxide rings are opened to form alcohols. 


Reduction of [1] LiAIH, 

alkyl halides RX) [2] HO RH 
alkane 

O OH 


Reduction of go, OA, <“ Pi 
epoxides ‘7 «o [2]H20 / KH 
H 


alcohol 
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Reduction of these C—X o bonds is another example of nucleophilic substitution, in which 
LiAIH, serves as a source of a hydride nucleophile (H`). Because H is a strong nucleophile, the 
reaction follows an Sy2 mechanism, illustrated for the one-step reduction of an alkyl halide in 
Mechanism 12.3. 


{S Mechanism 12.3 Reduction of RX with LiAIH, 


One step The nucleophile H` substitutes for Xin a single step. 


Lit 
RCHayX + H-AIH; > ACH,-H + LX 
Î + AIH, 
_ LiAIH, donates H5. 


Because the reaction follows an Sy2 mechanism: 


e Unhindered CH3X and 1° alkyl halides are more easily reduced than more substituted 2° 
and 3° halides. 

e In unsymmetrical epoxides, nucleophilic attack of H” (from LiAIH,) occurs at the less 
substituted carbon atom. 


Examples are shown in Figure 12.6. 


Figure 12.6 [1] LiAIH, 
CH,CH,CH,CH,—Cl ———* CH,CH,CH.CH.—H 
Examples of reduction of C- X SA EMRE [2] HO THR ee 2 aed 


o bonds with LiAIH, 


Po vi Qo # aa HO H 
c—o sea" 2 %—e-sh 
CHyy H anemu O 0" Fs) 
ERKA X CH3 / N CH3 f \ 
CHa CH3 H CHa H 
, i 
L BP Alls new C-H bond 


robilem 12.12 Draw the products of each reaction. 


CH, 
å L mm [1] LiAIH, M (fo [1] LiAIH, 
. [2] HO l 21 H0 


12.7 Oxidizing Agents 
Oxidizing agents fall into two main categories: 


e Reagents that contain an oxygen—oxygen bond 
e Reagents that contain metal-oxygen bonds 


Oxidizing agents containing an O-O bond include O,, O3 (ozone), H20, (hydrogen peroxide), 
(CH3)}COOH (tert-butyl hydroperoxide), and peroxyacids. Peroxyacids, a group of reagents 
with the general structure RCO3H, have one more O atom than carboxylic acids (RCO,H). Some 
peroxyacids are commercially available whereas others are prepared and used without isolation. 


Figure 12.7 [ 
Common peroxyacids 
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Oo 


(6) 
° Q i il 


Cl C C 
C C a ~o- 
R ~0-0H CA ~O-OH LI O-OH X O-OH Mg2* 
peroxyacid cor i 


Figure 12.8 


Oxidation reactions of alkenes, 
alkynes, and alcohols 


peroxyacetic acid meta-chloroperoxybenzoic acid magnesium monoperoxyphthalate 
mCPBA MMPP 


Examples are shown in Figure 12.7. All of these reagents contain a weak O-O bond that is 
cleaved during oxidation. 


The most common oxidizing agents with metal-oxygen bonds contain either chromium in the +6 
oxidation state (six Cr— O bonds) or manganese in the +7 oxidation state (seven Mn-O bonds). 
Common Cr reagents include chromium(VI) oxide (CrO3) and sodium or potassium dichro- 
mate (Na,Cr,0, and K,Cr,0,). These reagents are strong oxidants used in the presence of a 
strong aqueous acid such as H,SO,. Pyridinium chlorochromate (PCC), a Cr® reagent that is 
soluble in halogenated organic solvents, can be used without strong acid present. This makes it a 
more selective Cr™ oxidant, as described in Section 12.12. 


9 6* oxidation state : NN o 6* oxidation state 
Zor “O-Cr-Cl 
a ~ ZA 
10) 10) N 8 
H 
chromium(VI) oxide pyridinium chlorochromate 
CrO; PCC 


The most common Mn”™* reagent is KMnO; (potassium permanganate), a strong, water-soluble 
oxidant. Other oxidizing agents that contain metals include OsO4 (osmium tetroxide) and Ag,O 
[silver(I) oxide}. 


In the remainder of Chapter 12, the oxidation of alkenes, alkynes, and alcohols—three functional 
groups already introduced in this text—is presented (Figure 12.8). Addition reactions to alkenes 
and alkynes that increase the number of C—O bonds are described in Sections 12,8—12.11. Oxi- 
dation of alcohols to carbonyl compounds appears in Sections 12.12—12.14. 


O 
IN 
onr, epoxidation (Sections 12.8, 12.15 
Pee p ( ) 
i ii y HỌ OH 
| Alkenes | Fh — ç ¢ dihydroxylation (Section 12.9) 
\ / , , 
pS + oan, oxidative cleavage (Section 12.10) 
Ipe / | , 
| Alkynes =C=C—- => £50 + O=C, oxidative cleavage (Section 12.11) 
HO OH 
Alcohols | a ‘ep or ‘eo (Sections 12.12-12.14) 
= | A HO. 
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12.8 Epoxidation 


Epoxidation is the addition of a single oxygen atom to an alkene to form an epoxide. 


| two new C—O bonds | 


ee O / ? Y fi 
| Epoxidation | C=C + AG — nG + JG 
L / pa R O7OH ¢ \’ R OH 
f epoxide carboxylic acid 
The O-O bond 
is cleaved, 
peroxyacid 


The weak 1 bond of the alkene is broken and two new C—O o bonds are formed. Epoxidation is 
typically carried out with a peroxyacid, resulting in cleavage of the weak O-O bond of the reagent. 


H H O o O 
| Examples c= + ¢ =} d P È 
| PTA CH ^o-0H HZ SH CH `OH 
H H 3 H H 3 
peroxyacetic acid 
g 9 
Cl C, Cl A 
Q- Q O O 
+ — O + 


mCPBA 
Epoxidation occurs via the concerted addition of one oxygen atom of the peroxyacid to the n bond 
as shown in Mechanism 12.4. Epoxidation resembles the formation of the bridged halonium ion 
in Section 10.13, in that two bonds in a three-membered ring are formed in one step. 


te Mechanism 12.4 Epoxidation of an Alkene with a Peroxyacid 


One step All bonds are broken or formed in a single step. 


Ry ZO Ry ANY 
Ta N ii e Two C-O bonds are formed to one O atom with one 
Ozh :Q electron pair from the peroxyacid and one from the z 
: F bond. 
A NN Y :0; e The weak O-O bond is broken. 
The O-O bond is broken. | cc —— ts 
ae / \ Me NM 


Problem 12.15 What epoxide is formed when each alkene is treated with mCPBA? 
a. (CH3)2C=CHo b. (CH3)2C=C(CH3)o (oe (ror, 


12.8A The Stereochemistry of Epoxidation 


Epoxidation occurs via syn addition of an O atom from either side of the planar double bond, so 
that both C—O bonds are formed on the same side. The relative position of substituents in the 
alkene reactant is retained in the epoxide product. 


e A cis alkene gives an epoxide with cis substituents. A trans alkene gives an epoxide 
with trans substituents. 


Epoxidation is a stereospecific reaction because cis and trans alkenes yield different stereoiso- 
mers as products, as illustrated in Sample Problem 12.2. 
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Sample Problem 12.2 Draw the stereoisomers formed when cis- and trans-2-butene are epoxidized with mCPBA. 


Solution 

To draw each product of epoxidation, add an O atom from either side of the alkene, and keep 

all substituents in their original orientations. The cis methyl groups in cis-2-butene become cis 
substituents in the epoxide. Addition of an O atom from either side of the trigonal planar alkene leads 
to the same compound—an achiral meso compound that contains two stereogenic centers. 


O is added from O is added from 
above the plane. below the plane. 
CHg CH 
Charno oils mCPBA A i whe 3 
H” NH CHa ZGT RÇ CH Y 
cis-2-butene h t t 


van achiral meso compound | 


[* denotes a stereogenic center] 


The trans methyl groups in trans-2-butene, become trans substituents in the epoxide. Addition 


Epoxidation of cis- and trans- of an O atom from either side of the trigonal planar alkene yields an equal mixture of two 
2-butene illustrates the general — enantiomers—a racemic mixture. 
rule about the stereochemistry Olsaddedifrom ts addadiican 
of reactions: an achiral starting above the plane. below the plane. 
material gives achiral or CH M 
racemic products. CH3., aH mCPBA RB Hise oa 
a 0) MAR oH Cyn + HC CCH, 
o Nou “4° oN ‘He 
H 3 H CH, 


trans-2-butene | | 
- enantiomers ! 


(3 


[* denotes a stereogenic center] 


Problem 12.16 Draw all stereoisomers formed when each alkene is treated with mCPBA. 
CH3 H CH3CH» CHCH; CH 
bd b bed 
a. po : R C. 
H H H 


12.8B The Synthesis of Disparlure 


Disparlure, the sex pheromone of the female gypsy moth, is synthesized by a stepwise reaction 
sequence that uses an epoxidation reaction as the final step. Retrosynthetic analysis of disparlure 
illustrates three key operations: 


Retrosynthetic analysis of disparlure 


mm | 
SSS | 

——" 
In 1869, the gypsy moth was epoxidation A 
introduced into New England disparlure ; 
in an attempt to develop a silk | [2] -j reduction 
industry. Some moths escaped — 
into the wild and the population H ee i ee 
flourished. Mature gypsy moth b Cc [3] C 
caterpillars eat an average of u = a an internal alkyne 
one square foot of leaf surface | ae D La ai oi: 
per day, defoliating shade trees H gr | 


and entire forests. Many trees D = 7 
formation of two C-C bonds | 


with acetylide anions 


die after a single defoliation. 
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e Step [1] The cis epoxide in disparlure is prepared from a cis alkene A by epoxidation. 

e Step [2] A is prepared from an internal alkyne B by reduction. 

e Step [3] B is prepared from acetylene and two 1° alkyl halides (C and D) by using Sy2 
reactions with acetylide anions. 


Figure 12.9 illustrates the synthesis of disparlure beginning with acetylene. The synthesis is con- 
ceptually divided into three parts: 

e Part [1] Acetylene is converted to an internal alkyne B by forming two C-C bonds. Each 
bond is formed by treating an alkyne with base (NaNH),) to form an acetylide anion, which 
reacts with an alkyl halide (C or D) in an Sy2 reaction (Section 11.11). 

e Part [2] The internal alkyne B is reduced to a cis alkene A by syn addition of H, using the 
Lindlar catalyst (Section 12.5B). 

e Part [3] The cis alkene A is epoxidized to disparlure using a peroxyacid such as mCPBA. 


Figure 12.9 Part [1] Formation of two C-C bonds using acetylide anions 


The synthesis of disparlure H 
b A e o a oe oe 
C C VU c 


il Nar aie il 
ç F Sy2 il | new C-C bond 
H H Di 
rig, 
Nat TNH, | 
{ aa 


new C-C bond —~> 


O 
n 
z 
De) 
iy 


B Br ) D 


Part [2] Reduction of alkyne B to form cis alkene A 


ailcslie sila lie al Ho ia 


f Lindlar catalyst H 


C 
MENE syn addition of H3 A 
cis alkene 


Part [3] Epoxidation of A to form disparlure 


addition of O 
from above 


| mCPBA disparlure 
(biologically active pheromone) 


H aie a ‘4 Pi 
ate addition of O 


e o., * from below 


biologically inactive enantiomer 
[* denotes a stereogenic center] 


e Disparlure has been used to control the spread of the gypsy moth caterpillar, a pest that has 
periodically devastated forests in the northeastern United States by defoliating many shade 
and fruit-bearing trees. The active pheromone is placed in a trap containing a poison or sticky 
substance, and the male moth is lured to the trap by the pheromone. Alternatively, thousands of 
disparlure-baited traps are placed along the edges of infestation. When the pheromone permeates 
the air, males are confused and can’t locate individual females so that mating is disrupted. Such 
a species-specific method presents a new way of controlling an insect population that avoids the 
widespread use of harmful, nonspecific pesticides. 


How to separate a racemic 
mixture into its component 
enantiomers is discussed in 
Section 29.3. 
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Epoxidation of the cis alkene A from two different sides of the double bond affords two cis 
epoxides in the last step—a racemic mixture of two enantiomers. Thus, half of the product is 
the desired pheromone disparlure, but the other half is its biologically inactive enantiomer. 
Separating the desired from the undesired enantiomer is difficult and expensive, because both 
compounds have identical physical properties. A reaction that affords a chiral epoxide from an 
achiral precursor without forming a racemic mixture is discussed in Section 12.15. 


12.9 Dihydroxylation 


Dihydroxylation is the addition of two hydroxy groups to a double bond, forming a 1,2-diol 
or glycol. Depending on the reagent, the two new OH groups can be added to the opposite sides 
(anti addition) or the same side (syn addition) of the double bond. 


j Dihydroxylation—General reaction | | Stereochemistry 


HO OH HO 4 HO OH 
\. if 1 | Y JA \ / 
G == —-C-C— || ø C Q or vo, 
EN I | 4 Non nS 
1,2-diol or glycol anti addition product syn addition product 
2 OH’s added on opposite 2 OH's added on the 
sides of the C=C same side of the C=C 


12.9A Anti Dihydroxylation 


Anti dihydroxylation is achieved in two steps—epoxidation followed by opening of the ring 
with “OH or HO. Cyclohexene, for example, is converted to a racemic mixture of two trans-1,2- 
cyclohexanediols by anti addition of two OH groups. 


“trans, 2- diols 
OH 
[1] [1JRCO3H_ 
C) eat [2] H2O (H* or “OH) sa X 


|r j 


The stereochemistry of the products can be understood by examining the stereochemistry of each 


step. 
achiral epoxide Ri a 


RCO3H HO H HO H 
Sir mo = S22 trans products enantiomers 
H H H H 
fa] [b] mics 
=o 
Path [b] H H OH 


The nucleophile attacks from from | 
below at either C—O bond. 


Epoxidation of cyclohexene adds an O atom from either above or below the plane of the double 
bond to form a single achiral epoxide, so only one representation is shown. Opening of the 
epoxide ring then occurs with backside attack at either C-O bond. Because the epoxide is 
drawn above the plane of the six-membered ring, nucleophilic attack occurs from below the 
plane. This reaction is a specific example of the opening of epoxide rings with strong nucleo- 
philes, first presented in Section 9.15. 
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Problem 12.17 


12.9B 


NMO is an amine oxide. It is 
not possible to draw a Lewis 
structure of an amine oxide 
having only neutral atoms. 


j 
R-N=ỌF 

R 
amine oxide 


Because one OH group of the 1,2-diol comes from the epoxide and one OH group comes from 
the nucleophile (OH), the overall result is anti addition of two OH groups to an alkene. 

Draw the products formed when both cis- and trans-2-butene are treated with a peroxyacid 
followed by “OH (in H20). Explain how these reactions illustrate that anti dihydroxylation is 
stereospecific. 


Syn Dihydroxylation 


Syn dihydroxylation results when an alkene is treated with either KMnO; or OsOq. 


= cis-1,2-diols 
KMnO; pr [1080 Si 
H,O, HO™ ~[2] NaHSO3, H,O - 


cis-1,2-cyclohexanediol cis-1,2-cyclopentanediol 


Each reagent adds two oxygen atoms to the same side of the double bond—that is, in a syn 
fashion—to yield a cyclic intermediate. Hydrolysis of the cyclic intermediate cleaves the metal— 
oxygen bonds, forming the cis-1,2-diol. With OsO,, sodium bisulfite (NaHSO3) is also added in 
the hydrolysis step. 


| “Two O atoms are added to the 
same side of the C=C. 


if 


m, T 


e 


JOT ba d 
Q O S 
Avé > 4 , 
o” `o cis-1,2-diol | 


= 
s 
as 
w 
| 2 
5/3 
=] 
Pp 
PA, 
= 
I} Tt 
LO 
oflo 
& 


Although KMnO; is inexpensive and readily available, its use is limited by its insolubility in 
organic solvents. To prevent further oxidation of the product 1,2-diol, the reaction mixture must 
be kept basic with added OH. 


Although OsO; is a more selective oxidant than KMnO; and is soluble in organic solvents, it is 
toxic and expensive. To overcome these limitations, dihydroxylation can be carried out by using 
a catalytic amount of OsO,, if the oxidant N-methylmorpholine N-oxide (NMO) is also added. 


d yah 
i i Roj 
N-methylmorpholine N-oxide 
NMO 
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In the catalytic process, dihydroxylation of the double bond converts the Os** oxidant into an 
Os™ product, which is then re-oxidized by NMO to Os**. This Os** reagent can then be used for 
dihydroxylation once again, and the catalytic cycle continues. 


HO OH 
Sf Pa \ / 7 
C=C + Os® oxidant ——> „C—C, + Os® product 
Z y “4 4 
catalyst 
z y 
wi “oF 


NMO oxidizes the Os®* product 
back to Os®* to begin the cycle again. 


Problem 12.18 Draw the products formed when both cis- and trans-2-butene are treated with OsO,, followed by 
hydrolysis with NaHSO3 + H20. Explain how these reactions illustrate that syn dihydroxylation is 
stereospecific. 


12.10 Oxidative Cleavage of Alkenes 


Oxidative cleavage of an alkene breaks both the o and x bonds of the double bond to form 
two carbonyl groups. Depending on the number of R groups bonded to the double bond, oxida- 
tive cleavage yields either ketones or aldehydes. 


R R R R 
Sf [0] \ / 
| Oxidative cleavage ETO — =o + O=G 
R | H R H 
The o and x bonds ketone aldehyde 
are broken. 


One method of oxidative cleavage relies on a two-step procedure using ozone (Q3) as the oxi- 
dant in the first step. Cleavage with ozone is called ozonolysis. 


CH H H 
C=C SS o> C=O + ome. 


7 Ñ [2] Zn, H2O / 
CH; CH, i i CHa 

Lightning produces O; from ketones aldehydes 
O; during an electrical storm. | | 
Moreover, the pungent Pi 110 z 
odor around a heavily used cS — O + O=C 

4 r \ [2] CH3SCH3 \ 
photocopy machine is O3 H H 
produced from O; during the 
process, O; at ground level Addition of ozone to the z bond of the alkene forms an unstable intermediate called a molozon- 
is an unwanted atmospheric ide, which then rearranges to an ozonide by a stepwise process. The unstable ozonide is then 
pollutant. Inthe stratosphere, reduced without isolation to afford carbonyl compounds. Zn (in H,O) or dimethyl sulfide 


however, it protects us from 
harmful ultraviolet radiation, as 


discussed in Chapter 15. eA 
| The key intermediates in ozonolysis 


(CH3SCH;) are two common reagents used to convert the ozonide to carbonyl compounds. 


yr i: Zn, H2O \ / 

i o R E ae Pe oe 
: addition | 0.0: ?Q-0: Hastha by-product: 

öö: ~ Zn(OH) or (CH3)2S=O 


"OC ) molozonide ozonide 
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To draw the product of any oxidative cleavage: 


e Locate all n bonds in the molecule. 
e Replace each C=C by two C=O bonds. 


Sample Problem 12.3 Draw the products when each alkene is treated with Os followed by CH3SCH3. 


mak 60 


Solution 
a. Cleave the double bond and replace it with two carbonyl groups. 


Break both the o and z bonds. 


A ame OO t gh 
[2] CHgSCH3 fey 
ketone ketone 


b. For a cycloalkene, oxidative cleavage results in a single molecule with two carbonyl 
groups—a dicarbonyl compound. 


_ Break both the o and x bonds. | H 
H 
X% [1] Os Oi aldehyde groups 
[2] CH3SCH3 o 
H — 
H 


dicarbony! compound 


Problem 12.19 Draw the products formed when each alkene is treated with O; followed by Zn, H20. 


a. (CHg)g0C=CHCH,CH,CH,CH3 Be ov Ay ci oi 


Ozonolysis of dienes (and other polyenes) results in oxidative cleavage of all C=C bonds. The 
number of carbonyl groups formed in the products is twice the number of double bonds in the 
starting material. 


— —_, P [1] 0 O 
— m, 3 =i P, 
2C=C's | [2] CH,SCH, Oo | 40=0' | 
As ÆA 4 to H 
CH3 CH CH, `O Ser 
limonene | 


Oxidative cleavage is a valuable tool for structure determination of unknown compounds. The 
ability to determine what alkene gives rise to a particular set of oxidative cleavage products is 
thus a useful skill, illustrated in Sample Problem 12.4. 
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Sample Problem 12.4 What alkene forms the following products after reaction with O; followed by CH;SCH3? 


Problem 12.20 


Problem 12.21 


12.11 


Solution 
To draw the starting material, ignore the O atoms in the carbonyl groups and join the carbonyl 
carbons together by aC=C. 


Join these 2 C's together 


to make the starting material. H 
SS J 
O=G 
| 
Px gf gf ™® ov — > AP et 
H H 


Form this double bond. 


What alkene yields each set of oxidative cleavage products? 
O CH, 
b. + CH;CHO co C=O. ony 
CH3 


a. (CHa)C=0 + (CHaCH;)¿C=0 


Draw the products formed when each diene is treated with O; followed by CH3SCHs3. 
Or *O- *O- 


Oxidative Cleavage of Alkynes 


Alkynes also undergo oxidative cleavage of the © bond and both x bonds of the triple bond. 
Internal alkynes are oxidized to carboxylic acids (RCOOH), whereas terminal alkynes afford 
carboxylic acids and CO, from the sp hybridized C-H bond. 


; -=e [1] Og R p 
| Internal alkyne | R-C=C-R' -BIHO po + o=0 
2 HO OH 
| The 6 and both x bonds cärboxylicäcids 
| are broken. 
| Terminal al | R-C=C-H Ms sais + CO 
| erminal alkyne = [2] H,O pr 2 


HO 


Oxidative cleavage is commonly carried out with O3, followed by cleavage of the intermediate 
ozonide with H,O. 


n a CH3 CH2CH; 
z ; _ [1] Og \ 
| xamples CH3;—C=C—CH,CH, -ano pe + O=C 


HO OH 

te OX 
2] H2O 

[2] H2 ‘on 
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Problem 12.22 Draw the products formed when each alkyne is treated with O; followed by H20. 


a. CHsCH:-C=C—CHCH,CHg b. C Yost) c. HC=C—-CH;CH;—C=C-CH; 


Problem 12.23 What alkyne (or diyne) yields each set of oxidative cleavage products? 
a. CO; + CH3(CH2)gCO2H c. CH3CH2CO2H, HOzCCH2CO2H, CH3CO2H 
b. CHsCH2CH(CHs)CO>H only d, HOsC(CH>),4CO.H 


12.12 Oxidation of Alcohols 


Alcohols are oxidized to a variety of carbonyl compounds, depending on the type of alcohol 
and reagent. Oxidation occurs by replacing the C-H bonds on the carbon bearing the OH group 
by C—O bonds. 


e 1° Alcohols are oxidized to either aldehydes or carboxylic acids by replacing either 
one or two C-H bonds by C-O bonds. 


H R R 
| [O] \ \ 
R 7 oH —_ =o or =0 
| 20-Hbonds | L H H HO 
e E H ponde 1° alcohol aldehyde carboxylic acid 


e 2° Alcohols are oxidized to ketones by replacing the one C-H bond by a C—O bond. 


i tio) R 
jon S po 
ee OIE H R 
2° alcohol ketone 


e 3° Alcohols have no H atoms on the carbon with the OH group, so they are not easily 
oxidized. 


Eee SA R [O] 
no C-H bonds ApH 


R 


NO REACTION 


3° alcohol 


The oxidation of alcohols to carbonyl compounds is typically carried out with Cr oxidants, 
which are reduced to Cr** products. 


e CrO;, Na,Cr,0,, and K,Cr,0, are strong, nonselective oxidants used in aqueous acid 
(H2SO,4 + H30). 

e PCC (Section 12.7) is soluble in CHCl, (dichloromethane), and can be used without strong 
acid present, making it a more selective, milder oxidant. 
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12.12A Oxidation of 2° Alcohols 


Any of the Cr oxidants effectively oxidizes 2° alcohols to ketones. 


| 2° Alcohols Hs K,Cr.07 al 
CHy-C-OH > C=0 
H 3 


| ketones 


The mechanism for alcohol oxidation has two key parts: formation of a chromate ester and 
loss of a proton. Mechanism 12.5 is drawn for the oxidation of a general 2° alcohol with CrO3. 


{ò Mechanism 12.5 Oxidation of an Alcohol with CrO; 


Steps [1] and [2] Formation of the chromate ester 


o” Ce 


R O 6+ R 6+ ° Nucleophilic attack of the alcohol on the 
atten d M, pts dip Bep an electrophilic metal followed by proton transfer 
| ie Ss i L p = forms a chromate ester. The C-H bond in the 


| 
H H | he ; O E starting material (the 2° alcohol) is still present in 
TERT g aR ese the chromate ester, so there is no net oxidation in 


. proton transfer Steps [1] and [2]. 


Step [3] Removal of a proton to form the carbonyl group 


R O 4+ ° InStep [8], a base (H20 or a molecule of the 
R—-C-O"Cr-OH =o ‘o=6 + HOt + gle starting alcohol) removes a proton, with the electron 
A git Ay -0° `OH pair in the C- H bond forming the new x bond of 
ga the C=O, Oxidation at carbon occurs in this step 
H20: because the number of C- H bonds decreases and 


the number of C- O bonds increases. 


These three steps convert the Cr°* oxidant to a Cr** product, which is then further reduced to a 
Cr’ product by a series of steps. 


12.12B Oxidation of 1° Alcohols 


1° Alcohols are oxidized to either aldehydes or carboxylic acids, depending on the reagent. 


e 1° Alcohols are oxidized to aldehydes (RCHO) under mild reaction conditions —using 
PCC in CH2Cl.. 

e 1° Alcohols are oxidized to carboxylic acids (RCOOH) under harsher reaction 
conditions: Na,Cr207, K2Cr,07, or CrOz in the presence of H20 and H2SO,. 


1° Alcohols | H PCC 9 
l CHsCHa=Ọ-O0H = > 


ili 


i CHCH; H 
aldehyde 
H O 
| KəCr207 II 
CH3CH,-C-—OH ————— A04 
‘4 H2504, H2O CHCH; `OH 


carboxylic acid 
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The mechanism for the oxidation of 1° alcohols to aldehydes parallels the oxidation of 2° alcohols 
to ketones detailed in Section 12.12A. Oxidation of a 1° alcohol to a carboxylic acid requires three 
operations: oxidation first to the aldehyde, reaction with water, and then further oxidation to 
the carboxylic acid, as shown in Mechanism 12.6. 


ES Mechanism 12.6 Oxidation of a 1° Alcohol to a Carboxylic Acid 


Part [1] Oxidation of a 1° alcohol to an aldehyde 


H 
| three steps R, 

R-C-OH + Cro a C=O + Crt 
H [Mechanism 12.5] H 


1° alcohol aldehyde 


Part [2] Addition of H2O to form a hydrate 


R H 
\ H2O | 
C= R-C—OH 
H H2504 Oy < The elements of H and OH 


[Mechanism 21.8] have been added. 


aldehyde hydrate 


Part [3] Oxidation of the hydrate to a carboxylic acid 


a 


H H20: R 
l Crêt Fhe dl \ 
reo tom “2! oe 
OH PS OH: OO? HO 
hydrate chromate ester carboxylic 
acid 


+ Crt 
+ H,0* 


e Oxidation of a 1° alcohol to an aldehyde 
occurs by the three-step mechanism detailed 
in Mechanism 12.5. 


e The aldehyde reacts with H20 to form a 
hydrate, a compound with two OH groups on 
the same carbon atom. Hydrates are 
discussed in greater detail in Section 21.13. 


e The C-H bond of the hydrate is then oxidized 
with the Crê reagent, following Mechanism 
12.5. Because the hydrate contains two OH 
groups, the product of oxidation is a 
carboxylic acid. 


Cr® oxidations are characterized by a color change, as the red-orange Crê reagent is reduced 
to green Cr”. The first devices used to measure blood alcohol content in individuals suspected 
of “driving under the influence” made use of this color change. Oxidation of CH;CH,OH, the 1° 
alcohol in alcoholic beverages, with orange K,Cr,07 forms CHCOOH and green Or, 


CH3CH,—OH + 


ethanol 
“alcohol” 


K,Crz07 


red-orange | 


? ; 
Crt 
CH3 ont green 

acetic acid 


Blood alcohol level can be determined by having an individual blow into a tube containing 
K2Cr207, H2S0;,, and an inert solid. The alcohol in the exhaled breath is oxidized by the cr 
reagent, which turns green in the tube (Figure 12.10). The higher the concentration of CH;CH,OH 
in the breath, the more Cr® is reduced, and the farther the green Cr** color extends down the 
length of the sample tube. This value is then correlated with blood alcohol content to determine 
if an individual has surpassed the legal blood alcohol limit. 


Problem 12.24 


a ~~ _OH PEC 


b, aA, Pat, 


Draw the organic products in each of the following reactions. 


CrO3 


5 OH _ COs 
HəSO4, H2O 


OH 


CrO3 
HpSO,, H2O 


Figure 12.10 
Blood alcohol screening 


12.13 


Green polymer synthesis using 
starting materials derived from 
renewable resources (rather 
than petroleum) is discussed in 
Section 31.8. 
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| Schematic of an alcohol testing device | Consumer product 


The tube contains 
KCrO}. 


An individual exhales ———> ==) 
into the tube. | 


a preg | The balloon inflates 
KCrO; (red-orange) reacts with . : 
| CH3CH,OH, forming Cr** (green). | with exhaled.air; K2Cr207 


e The oxidation of CH3CHsOH with K2Cr20O7 to form CHCOOH and Cr** was the first available 
method for the routine testing of alcohol concentration in exhaled air. Some consumer products 
for alcohol screening are still based on this technology. 


Green Chemistry 


Several new methods of oxidation are based on green chemistry. Green chemistry is the use of 
environmentally benign methods to synthesize compounds. Its purpose is to use safer reagents 
and less solvent, and develop reactions that form fewer by-products and generate less waste. 
Although the concept of designing green chemical processes was only formally established by 
the Environmental Protection Agency in the early 1990s, developing new chemical methods that 
minimize environmental impact has been in practice much longer. 


Since many oxidation methods use toxic reagents (such as OsO, and O3) and corrosive acids 
(such as H,SOy,), or they generate carcinogenic by-products (such as Cr°*), alternative reactions 
have been developed. One method uses a polymer-supported Cr°* reagent—HCrO, —Amberlyst 
A-26 resin—that avoids the use of strong acid, and forms a Cr** by-product that can be easily 
removed from the product by filtration. 


The Amberlyst A-26 resin consists of a complex hydrocarbon network with cationic ammonium 
ion appendages that serve as counterions to the anionic chromium oxidant, HCrO,. Heating the 
insoluble polymeric reagent with an alcohol results in oxidation to a carbonyl compound, with 
formation of an insoluble Cr** by-product. Not only can the metal by-product be removed by 
filtration without added solvent, it can also be regenerated and reused in a subsequent reaction. 


polymeric hydrocarbon 
backbone 


5 | o 
II 

| Polymer N(CHg)g “O-Gr—-OH 
O 


| The oxidizing agent— 
A “greener” form of Crêt reagent 


Amberlyst A-26 resin Crêt oxidant 


With HCrO, —Amberlyst A-26 resin, 1° alcohols are oxidized to aldehydes and 2° alcohols are oxi- 
dized to ketones. 


H 
| Examples CH3(CH3) ~6-OH a e RA + polymer-supported 
L aiia y Amberlyst A-26 resin CH,(CHa)g `H Cr3* by-product 
1° alcohol 


OH a 4 O + polymer-supported 
Amberlyst A-26 resin Cr** by-product 


2° alcohol 
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ce: I gop a 
K* *O-F—O--QH 


potassium peroxymonosulfate 


Problem 12.25 


Problem 12.26 


12.14 


S CH2CHg 
CH;CH>_ „C 
ENN 


Swa” 


S, NS 
i S C CHCH; 
CH3CH3 $ 
antabuse 


Many other green approaches to oxidation that avoid the generation of metal by-products entirely 
are also under active investigation. For example, potassium peroxymonosulfate, KHSO,, is a sul- 
fate derivative of hydrogen peroxide, sold as a triple salt (2 KHSO;*-KHSO,*K,SO,) under the 
trade name of Oxone. Oxone oxidizes a variety of substrates without the presence of a heavy 
metal like chromium or manganese, and in some cases, oxidation reactions can be carried out 
in water or aqueous solutions. The weak oxygen—oxygen bond of the reagent is cleaved during 
oxidation, and a sulfate salt (K,SO,) is formed as by-product. Two examples of oxidations of 


alcohols are shown. 
Oxone CHO 
oH NaBr 
CH,CN, HO 


Oxone 
NaCl 
ethyl acetate O 


OH HO 


What carbony! compound is formed when each alcohol is treated with HCrO,—Amberlyst A-26 resin? 


OH 
a. (H b. Ho Jon c. di ii 
OH 


Sodium hypochlorite (NaOCI, the oxidant in household bleach) in aqueous CHCOOH is also 
touted as a “green” oxidizing agent. For example, oxidation of (CH3)2CHOH with NaOCl forms 
(CH3)2C =O along with NaCl and H20. (a) What advantages and/or disadvantages does this 
method have over oxidation with HCrO,—Amberlyst A-26 resin? (b) What advantages and/or 
disadvantages does this method have over oxidation with CrO3, H2504, H20? 


Application: The Oxidation of Ethanol 


Many reactions in biological systems involve oxidation or reduction. Instead of using cf 
reagents for oxidation, cells use two organic compounds—a high molecular weight enzyme and 
a simpler coenzyme that serves as the oxidizing agent. 


For example, when CH;CH,OH (ethanol) is ingested, it is oxidized in the liver first to CH;CHO 
(acetaldehyde), and then to CH;COO (acetate anion, the conjugate base of acetic acid). Acetate 
is the starting material for the synthesis of fatty acids and cholesterol. Both oxidations are cata- 
lyzed by a dehydrogenase enzyme. 


O O 

[0] ll [O] [l 

GHCH OH S= Eos Sa pom 
alcohol CH; `H aldehyde CH; `O 
ethanol i al all acetaldehyde enyarogenase acetate anion 


If more ethanol is ingested than can be metabolized in a given time, the concentration of acetal- 
dehyde builds up. This toxic compound is responsible for the feelings associated with a hangover. 


Antabuse, a drug given to alcoholics to prevent them from consuming alcoholic beverages, acts 
by interfering with the normal oxidation of ethanol. Antabuse inhibits the oxidation of acetal- 
dehyde to the acetate anion. Because the first step in ethanol metabolism occurs but the second 
does not, the concentration of acetaldehyde rises, causing an individual to become violently ill. 


Like ethanol, methanol is oxidized by the same enzymes to give an aldehyde and an acid: form- 
aldehyde and formic acid. These oxidation products are extremely toxic because they cannot be 
used by the body. As a result, the pH of the blood decreases, and blindness and death can follow. 


Oo 
CH,—OH 0) $ (0) i 
3 alcohol HH aldehyde HOH 


dehydrogenase dehydrogenase 
methanol formaldehyde formic acid 


12.15 


K. Barry Sharpless shared the 

2001 Nobel Prize in Chemistry 
for his work on chiral oxidation 
reactions. 
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Because the enzymes have a higher affinity for ethanol than methanol, methanol poisoning 
is treated by giving ethanol to the afflicted individual. With both methanol and ethanol in the 
patient’s system, the enzymes react more readily with ethanol, allowing the methanol to be 
excreted unchanged without the formation of methanol’s toxic oxidation products. 


Sharpless Epoxidation 


In all of the reactions discussed so far, an achiral starting material has reacted with an achiral 
reagent to give either an achiral product or a racemic mixture of two enantiomers. If you 
are trying to make a chiral product, this means that only half of the product mixture is the desired 
enantiomer and the other half is the undesired one. The synthesis of disparlure, outlined in Figure 
12.9, exemplifies this dilemma. 


Usually a 50:50 mixture forms. 


NG ATERIA =<" | ENANTIOMER A | + | ENANTIOMER B | 


Is it possible to form only A? 


K. Barry Sharpless, currently at The Scripps Research Institute, reasoned that using a chiral 
reagent might make it possible to favor the formation of one enantiomer over the other. 


e An enantioselective reaction affords predominantly or exclusively one enantiomer. 


e A reaction that converts an achiral starting material into predominantly one enantiomer is 
also called an asymmetric reaction. 


The Sharpless asymmetric epoxidation is an enantioselective reaction that oxidizes alkenes 
to epoxides. Only the double bonds of allylic aleohols—that is, alcohols having a hydroxy group 
on the carbon adjacent to a C=C—are oxidized in this reaction. 


Q , ` 
1 Mays IN Dr Mk 
Sharpless epoxidation a ap Sharpless sus Ke or =o “E—=CH20H 
2 reagent | CHOH o 
allylic alcohol 


One enantiomer is favored. 


Sharpless reagent 


[* denotes a stereogenic center] 


TiI[OCH(CH3)2}4 
(+)- or (—)-diethyl tartrate 


The Sharpless reagent consists of three components: tert-butyl hydroperoxide, (CH3)3;COOH; 
a titanium catalyst—usually titanium(IV) isopropoxide, Ti[OCH(CH3)2]4; and diethyl tartrate 
(DET). There are two different chiral diethyl tartrate isomers, labeled as (+)-DET or (—)-DET to 
indicate the direction in which they rotate polarized light. 


HO H H OH 
Meg hrat 
CH,CH,0,C CO,CH2CH, CH3CH,0,C CO,CH,CH, 
(+)-(A, R)-diethyl tartrate (-)-(S,S)-diethyl tartrate 
(+)-DET (-)-DET 
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the epoxidation of an allylic alcohol with the Sharpless reagent. 


| Examples | 


O is added from above 
the plane of the C=C. 


The identity of the DET isomer determines which enantiomer is the major product obtained in 


O is added from below 


the plane of the C=C. 


a | 
H.,__sCHeOH —(CH,)5C—-O0H pa Ha, ,sCH20H 
[1] cae ie o wweH=Cui, CgHi7™—C—C—H 
C-H 1 Ny Ti[OCH(CHs)al4 H"“ 7 >N CH20H W 
8 "I7 CaH H 
(+)-DET 817 g 
25% major product 
97.5% 
(+)-DET IS prepared from OH Ti[OCH(CHs)o]4 
(+)-(R,R)-tartaric acid (-)-DET 
[HOz,CCH(OH)CH(OH)CO.H], a 
major product 2.5% 


naturally occurring carboxylic 
acid found in grapes and sold 
as a by-product of the wine 
industry. 


Enantiomeric excess = ee = 
% of one enantiomer - % of 
the other enantiomer. 


Sample Problem 12.5 


97.5% 


[* denotes a stereogenic center] 


The degree of enantioselectivity of a reaction is measured by its enantiomeric excess (ee) (Sec- 
tion 5.12D). Reactions [1] and [2] are highly enantioselective because each has an enantiomeric 
excess of 95% (97.5% of the major enantiomer — 2.5% of the minor enantiomer). 


To determine which enantiomer is formed for a given isomer of DET, draw the allylic alcohol in 
a plane, with the C=C horizontal and the OH group in the upper right corner; then: 


e Epoxidation with (-)-DET adds an oxygen atom from above the plane. 
e Epoxidation with (+)-DET adds an oxygen atom from below the plane. 


l CHOH 


(-)-DET—The O is added from above. ————> 


f 
| major product 
Ha, Y A CHOH ep 
"PER aY 
~y 
R” H The OH is drawn in the upper right corner. 
i | H „CHOH 
R 


(+)-DET—The O is added from below. —— R®\—-#H 
i fe) 


major product 


Predict the major product in each epoxidation. 


: Mia (CHg)3C—-OOH A op {CH9C—-00H 
“cH, H TIOCH(CHa)al4 L TIOCH(CHa)zls 

Š (+)-DET (-)-DET 
Solution 


To draw an epoxidation product: 


Draw the allylic alcohol with the C=C horizontal and the OH group in the upper right 
corner of the alkene. Re-draw the alkene if necessary. 
e (+)-DET adds the O atom from below, and (-)-DET adds the O atom from above. 
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a. Since the C=C is drawn horizontal with the OH group in the upper right corner, it is not 
necessary to re-draw the alkene. With (+)-DET, the O atom is added from below. 


os fee (CH3)3C—OOH H, „CHOH 
P R Ti[OCH(CHs)o]4 CHa H 
CH, H 
{(+)-DET 
upper right corner The O atom is added from 
below the plane. 


of the C=C 


b. The allylic alcohol must be re-drawn with the C=C horizontal and the OH group in the upper 
right corner. Because (-)-DET is used, the O atom is then added from above. 


| = \ yie] chaco, o 
Flip the molecule a Ti[OCH(CHg)a]4 al 
and re-draw. (-)-DET H H 
The O atom is added from 
above the plane. 


upper right corner 
of the C=C 


Draw the products of each Sharpless epoxidation. 


© JOP (CH,),C-O0H n OH (CH,)3C-OOH 
Se Ti[OCH(CHs) aly i TI[OCH(CHa)2]4 
(-)-DET 


(+)-DET 


Problem 12.27 


The Sharpless epoxidation has been used to synthesize many chiral natural products, including 
two insect pheromones—(+)-œ-multistriatin and (—)-frontalin, as shown in Figure 12.11. 


Figure 12.11 sO 
CH,)3C-OOH pi ce 
The synthesis of chiral t OH r as “~Y~™oH = 
7 ; TI[OCH(CHa)2]4 several 
insect pheromones using DET steps 
asymmetric epoxidation (+)- 
(+)-co-multistriatin, 
pheromone of the 
European elm bark beetle 


O OÍ 
(CH3)3C-OOH 5 T 
NY Te n ——— 
a lis Wiel Ti[OCH(CH3)a]4 eX OH two steps 
(-)-frontalin 


O 
(-)-DET 
pheromone of the 


western pine beetle 


e The bonds in the products that originate from the epoxide intermediate are indicated in red. 


wO 


Explain why only one C=C of geraniol is epoxidized with the Sharpless reagent. 


Problem 12.28 
ZA ZA OH 
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=| 


KEY CONCEPTS — 


Oxidation and Reduction 


Summary: Terms that Describe Reaction Selectivity 


e¢ A regioselective reaction forms predominantly or exclusively one constitutional isomer (Section 8.5). 
e A stereoselective reaction forms predominantly or exclusively one stereoisomer (Section 8.5). 
e An enantioselective reaction forms predominantly or exclusively one enantiomer (Section 12.15). 


Definitions of Oxidation and Reduction (12.1) 


Oxidation reactions result in: Reduction reactions result in: 
® an increase in the number of C-Z bonds, or e a decrease in the number of C -Z bonds, or 
e a decrease in the number of C-H bonds e an increase in the number of C-H bonds 


Reduction Reactions 
[1] Reduction of alkenes—Catalytic hydrogenation (12.3) 


ee Ho R i H F) e Syn addition of Hz occurs. 
—~CH=CH-— a E 
Pd, Pt, or Ni G G e Increasing alkyl substitution on the C=C decreases the rate of 
H H reaction. 
alkane 
[2] Reduction of alkynes 
2 H3 
a. R-C=C-R Pac e Two equivalents of Hz are added and four new C-H bonds are 
formed (12.5A). 
R R 
H2 V, 
b. R-C=C-R —ag ea e Syn addition of H; occurs, forming a cis alkene (12.5B). 
catalyst H Ik H e The Lindlar catalyst is deactivated; reaction stops after one 
qsa xene equivalent of Hp has added. 
H 
Z Na Y= 
c. R-C=C-R NH, ey = t e Anti addition of Hz occurs, forming a trans alkene (12.50). 


trans alkene 


[8] Reduction of alkyl halides (12.6) 
[1] LiAIH, 


ieee -H e The reaction follows an Sy2 mechanism. 
[2] HO 


alkane e CHX and RCH>X react faster than a more substituted RX. 


[4] Reduction of epoxides (12.6) 


O [1] LiAIH, ay y 
PON 
wC — Oun C-G.,, 
lil RIRO ef uN 


alcohol 


Oxidation Reactions 
[1] Oxidation of alkenes 


a. Epoxidation (12.8) 


‘cach + RCOH ——> A 
EA 3 TOKi 


epoxide 


b. Anti dihydroxylation (12.9A) 


| ner [1] RCO3H 
J \ [2] H2O (Ht or HO-) 


1,2-diol 


c. Syn dihydroxylation (12.9B) 


HO 
ee, 


\o=c/ cE 


1] OsO,; [2] NaHSO,, H,O 
= [1] 4; [2] a: H2 


or 
[1] OsO,, NMO; [2] NaHSOz, HzO 
or 


1,2-diol 
KMnO,, H2O, HO- 


d. Oxidative cleavage (12.10) 


A uF ma AN A 
PS T |e em 
R H CH3SCH; f H 


ketone aldehyde 


[2] Oxidative cleavage of alkynes (12.11) 

R R 
=o + o=0 
HO OH 
carboxylic acids 


[1] Og 


R-C=O-R' HO 


internal alkyne 


[1] O3 


moen -Ho 


terminal alkyne 
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e The reaction follows an Sy2 mechanism. 
e In unsymmetrical epoxides, H” (from LiAIH,) attacks at the less 
substituted carbon. 


e The mechanism has one step. 
Syn addition of an O atom occurs. 
The reaction is stereospecific. 


e Opening of an epoxide ring intermediate with “OH or H20 forms 
a 1,2-diol with two OH groups added in an anti fashion. 


e Each reagent adds two new C-O bonds to the C=C in a syn 
fashion. 


e Both the o and 7 bonds of the alkene are cleaved to form two 
carbonyl groups. 


e The o bond and both z bonds of the alkyne are cleaved. 
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[3] Oxidation of alcohols (12.12, 12.13) 


H PCC e Oxidation of a 1° alcohol with PCC or HCrO,—Amberlyst A-26 
a. R-G-OH resin stops at the aldehyde stage. Only one C-H bond is 
À den - replaced by a C-O bond. 
j= 
1° alcohol Amberlyst 
A-26 resin 
mi CrO; \ e Oxidation of a 1° alcohol under harsher reaction conditions — 
b: is, iil H2S0,, HO =o CrO; (or NapCr207 or K2Cr207) + H2O + H2S04— leads toa 
H HO RCOOH. Two C-H bonds are replaced by two C-O bonds. 
1° alcohol carboxylic acid 
Hi R 
Pee ee y e Because a 2° alcohol has only one C-H bond on the carbon 


! 
iG; R-G“OH ——_ E-i =o 


or R bearing the OH group, all Crêt reagents—PCC, CrO, NazCr207, 
R HCrO,7- KsCr207, or HCrO, (Amberlyst A-26 resin)— oxidize a 2° alcohol 
2° alcohol ee ketone to a ketone. 


[4] Asymmetric epoxidation of allylic alcohols (12.15) 


Nee OT {CHalgC-O0H | A. or | He „OHOH 
df Yh Ti[OCH(CH,)o], Hi; CHOH R'a H 
with (-)-DET with (+)-DET 


Problems Using Three-Dimensionail Models 


12.29 Draw the products formed when A is treated with each reagent: (a) Hp + Pd-C; (b) mCPBA; (c) PCC; (d) CrOz, H2SO4, H20; 
(e) Sharpless reagent with (+)-DET. 


x rd 
= t ae, 
ə e 
J SY > 
wv 
A 
12.30 Draw the products formed when the following diene is treated with O; followed by CH3SCHs3. 


we% v 


12.31 Devise a synthesis of the following compound from acetylene and organic compounds containing two carbons or fewer. 
You may use any other required reagents. 
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Classifying Reactions as Oxidation or Reduction 


12.32 Label each reaction as oxidation, reduction, or neither. 


OH 
b. CH,CH,Br ——> CH=CH; d. Ho \-on — o-{ eo 


Hydrogenation 


12.33 Draw the organic products formed when each alkene is treated with Hz, Pd-C. Indicate the three-dimensional structure of all 


12.34 


12.35 


12.36 


12.37 


stereoisomers formed. 


CH3 CH,CH, CHCH 
\ 
a. ROSE b. EF Cc. CI d: e=CHe 
CHa CHa (CHa)2CH 


Match each alkene to its heat of hydrogenation. 
Alkenes: 3-methyl-1-butene, 2-methyl-1-butene, 2-methyl-2-butene 
AH’ (hydrogenation) kJ/mol: -119, -127, -112 


How many rings and 7 bonds are contained in compounds A-C? Draw one possible structure for each compound. 

a. Compound A has molecular formula CsHg and is hydrogenated to a compound having molecular formula CsH40. 

b. Compound B has molecular formula C;9H;,. and is hydrogenated to a compound having molecular formula CioH 4s. 
c. Compound C has molecular formula CgHg and is hydrogenated to a compound having molecular formula CgHi.. 


For alkenes A, B, and C: (a) Rank A, B, and C in order of increasing heat of hydrogenation; (b) rank A, B, and C in order of increasing 
rate of reaction with Hz, Pd-C; (c) draw the products formed when each alkene is treated with ozone, followed by Zn, HO. 


A aA SS 


A B Cc 


Stearidonic acid (C;gH2gO>) is an unsaturated fatty acid obtained from oils isolated from hemp and blackcurrant (see also 

Problem 10.11). 

a. What fatty acid is formed when stearidonic acid is hydrogenated with excess 
Hz and a Pd catalyst? 

b. What fatty acids are formed when stearidonic acid is hydrogenated with one 
equivalent of Hs and a Pd catalyst? 

c. Draw the structure of a possible product formed when stearidonic acid is 
hydrogenated with one equivalent of H; and a Pd catalyst, and one double 
bond is isomerized to a trans isomer. 

d. How do the melting points of the following fatty acids compare: stearidonic 
acid; one of the products formed in part (b); the product drawn in part (c)? 


stearidonic acid 


Reactions— General 


12.38 


12.39 


12.40 


Draw the organic products formed when cyclopentene is treated with each reagent. With some reagents, no reaction occurs. 


a. H2 + Pd-C e. [1] CH3CO3H; [2] H2O, HO™ i. [1] Os; [2] CHgSCHg 

b. Hp + Lindlar catalyst f. [1] OsO, + NMO; [2] NaHSO3, H2O j- (CH3)gCOOH, TI[OCH(CHs)e]4, (-)-DET 
c. Na, NH3 g. KMnQ,, H20, HO™ k. mCPBA 

d. CH3CO3H h. [1] LiAIH,; [2] H2O l. Product in (k); then [1] LIAIH4; [2] H20 
Draw the organic products formed when 4-octyne is treated with each reagent. 

a. Hə (excess) + Pd-C b. Hz + Lindlar catalyst c. Na, NH3 d. [1] Og; [2] H2O 
Draw the organic products formed when allylic alcohol A is treated with each reagent. 
CHCH; H a. Hə + Pd-C e. (CH3)3COOH, TiI[OCH(CHa)2]4, (+)-DET 

c= b. mCPBA f. (CH3)3COOH, Ti[OCH(CHs)a]4, ()-DET 
CH, CHOH c. PCC g. [1] PBra; [2] LIAIH,; [3] HzO 


A d. CrO3, H2504, H2O h. HCrO,—-Amberlyst A-26 resin 


478 Chapter 12 Oxidation and Reduction 


12.41 Draw the organic products formed in each reaction. 


OH 
CrO 

a. =PO b. CH,CH,CH,CH,OH PCC. c. G oee 

H280;4, 20 


12.42 Draw the organic products formed in each reaction. 


J [1] SOCI», pyridine [1] mCPBA 
a. i diedi [2] LAIH, > c. CHo BAR, 


[3] HzO [3] H2O 
oC eo, lilo =m i b. 
[2] NaHSO3, HzO Lindlar 
catalyst 


12.43 Identify the reagents needed to carry out each transformation. 


(a) 


.. . ~ = 


wt, T 


(+ enantiomer) 


12.44 Draw the structure of two different epoxides that would yield 2-methyl-2-pentanol [(CH3)2C(OH)CH2CH2CHg] when reduced with 
LIAIH,. 


12.45 Hydrogenation of alkene A with D; in the presence of Pd-C affords a single product B. Keeping this result in mind, what 
compound is formed when A is treated with each reagent: (a) mCPBA; (b) Br, H20 followed by base? Explain these results. 


D 
= = D 
Pd-C 


H 
H 
A B 
12.46 What alkene is needed to synthesize each 1,2-diol using [1] OsO4 followed by NaHSO3 in H20; or [2] CH3CO3H followed by OH 
in H20? 
OH 
HO OH H H CH3CHCH 
\ / a SCH; gna H 
a. wb, b. cae c. 
(CHa)aCH/ X CH(CHa)2 wy N 
H CeHs OH H CH,CH2CHs 
+ enantiomer OH 


12.47 Draw a stepwise mechanism for the reduction of epoxide A to alcohol B using LiAIH,. What product would be formed if LiAID, 
were used as reagent? Indicate the stereochemistry of all stereogenic centers in the product using wedges and dashes. 


[1] LiAIH, 
[2] HO 


> On 
wo Ome 
x 
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12.48 Draw the products formed after Steps [1] and [2] in the following three-step sequence. Then draw stepwise mechanisms for 


each step. 
Ee [1] mCPBA D 
A Br [2] “OH, H2O 


[3] NaH HO 


Oxidative Cleavage 
12.49 Draw the products formed in each oxidative cleavage. 


(CH,CH,),c=cHcH,cH, C2 _, re a 
a. 3 2/2 2 3 [2] CH3SCH3 C. C=CH [2] H2O 
[1] O 1] 0. 
b. =| — d. C=C Hs 
[2] Zn, H,O [2] HO 
12.50 What alkene yields each set of products after treatment with Og followed by CH3SCH3? 
a. (CHs)2C=O and CH,=O c. CHsCH,CH,CHO only 


(0) (0) 
b. O and (J= d. p's and two equivalents of CH,=O 


12.51 Identify the starting material in each reaction. 


(0) 
O 
Pe ee in H E Baa ae 
none BiCH SCH ' “1016 TAT CH3SCH3 
oO 
oO 
12.52 What alkyne gives each set of products after treatment with O; followed by H20? 
COOH 
a. CH3CH,CH,CH,COOH and CO, b. CH3CH,COOH and CHCH CHCOOH Ci Cy and CHCOOH 


12.53 Draw the products formed when each naturally occurring compound is treated with O; followed by Zn, H20. 


squalene 


COOH 
ae “A zingiberene 


SS 
linolenic acid 


Identifying Compounds from Reactions 


12.54 Identify compounds A, B, and ©. 
a. Compound A has molecular formula CgH;2 and reacts with two equivalents of Hz. A gives HCOCH2CH2CHO as the only 
product of oxidative cleavage with O; followed by CH3SCHs. 
b. Compound B has molecular formula CgH;9 and gives (CH3)>CHCH2CH2CHg3 when treated with excess Hz in the presence of 
Pd. B reacts with NaNH, and CHsglI to form compound C (molecular formula C7H;2). 


12.55 Oximene and myrcene, two hydrocarbons isolated from alfalfa that have the molecular formula C1oH16, both yield 
2,6-dimethyloctane when treated with Hz and a Pd catalyst. Ozonolysis of oximene forms (CH3)2C =O, CHp =O, CH2(CHO)2, and 
CH3COCHO. Ozonolysis of myrcene yields (CHz)2C =O, CH2=O (two equiv), and HCOCH,CH2,COCHO. Identify the structures 
of oximene and myrcene. 
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12.56 An unknown compound A of molecular formula C1oH4g0 reacts with HSO; to form two compounds (B and C) of molecular 
formula C49H;.. B and C both react with H3 in the presence of Pd-C to form decalin. Ozonolysis of B forms D, and ozonolysis of 
C forms a diketone E of molecular formula C1oH160%2. Identify the structures of compounds A, B, C, and E. 


decalin D 


12.57 DHA is a fatty acid derived from fish oil and an abundant fatty acid in vertebrate brains. Hydrogenation of DHA forms 
docosanoic acid [CH3(CH2)29CO2H] and ozonolysis forms CH3;CH,CHO, CH2(CHO), (five equivalents), and OHCCHszCH2CO>H. 
What is the structure of DHA if all double bonds have the Z configuration? 


12.58 One compound that contributes to the “seashore smell” at beaches in Hawai'i is dictyopterene D', a component of a brown 
edible seaweed called limu lipoa. Hydrogenation of dictyopterene D' with excess Hp in the presence of a Pd catalyst forms 
butylcycloheptane. Ozonolysis with O; followed by (CH3)2S forms CH2(CHO)2, OHCCH2CH(CHO)., and CH3CH2CHO. What are 
possible structures of dictyopterene D'? 


Sharpless Asymmetric Epoxidation 


12.59 Draw the product of each asymmetric epoxidation reaction. 


CH3)3C H 
a SoH _(CHs)sCOOH 3 (Cals Ya (CH,)3COOH 
i Ti[OC(CHs)ol4 Woon THOC(CHadals 
(-)-DET ¢ (+)-DET 
12.60 Epoxidation of the following allylic alcohol using the Sharpless reagent with (-)-DET gives two epoxy alcohols in a ratio 


of 87:13. 
a. Assign structures to the major and minor product. 
rs OH b. What is the enantiomeric excess in this reaction? 


12.61 What allylic alcohol and DET isomer are needed to make each chiral epoxide using a Sharpless asymmetric epoxidation 


reaction? 
O 
HO CHa A CH; ont en 
Synthesis 


12.62 Devise a synthesis of each hydrocarbon from acetylene, and any other needed reagents. 
a. ANA b. Je G FORE d: 


12.63 Devise a synthesis of muscalure, the sex pheromone of the common housefly, from acetylene and any other required reagents. 


oe 


muscalure 


12.64 It is sometimes necessary to isomerize a cis alkene to a trans alkene in a synthesis, a process that cannot be accomplished in a 
single step. Using the reactions you have learned in Chapters 8-12, devise a stepwise method to convert cis-2-butene to trans- 


2-butene. 
12.65 Devise a synthesis of each compound from acetylene and any other required reagents. 
O O HO OH HO OH 
fs 7\ % af ‘ 
a. wO On b. „6—0, C. a~ Er, d. C—C,,, 
CH \ “CH3 H { \ CH3 H“ / ýr. H \ ‘CH, 
H H CH3 H CH3 CH3 CH; H 


(+ enantiomer) (+ enantiomer) 
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12.66 Devise a synthesis of each compound from styrene (CgH;CH = CH3). You may use any inorganic or organic reagents. More than 
one step is required. 
a. CgHs;CH,CHO b. CgHsCOCH3 c. CgHsCH2zCOOH d. CgsH;CH(OH)CH2C = CH 


12.67 Devise a synthesis of compound A from the given starting materials. You may use any other inorganic reagents or organic 
alcohols. A was used to prepare aliskiren, a drug used to treat hypertension (see also Problem 5.7). 


ee O. NH, 
OH 
B Ho lias CH0 HN 
—— —_ 
CH,0 CH,O O ie) 
A + 


CH,0O 
Br Br aliskiren 


ZI 


12.68 Devise a synthesis of (2E)-2-hexene from 1-pentene and any needed organic compounds or inorganic reagents. 


12.69 Devise a synthesis of each compound from the indicated starting material and any other required reagents. 


fo) 
a. CHgCH,CH=CH, ——> CH¿CH2CH;COOH c. Q a CX 
Soy 


O 
Il 
b. CHyCH,CH,CH,OH ——> C d. c=ch —> 
a arene DE CHCH CH, ( } 


12.70 Devise a synthesis of each compound from acetylene and organic compounds containing two carbons or fewer. You may use 
any other required reagents. 


a. Af ia b. ANANA Nir c. Nx zN ACHO 


(+ enantiomer) 


12.71 Devise a synthesis of 1-phenyl-5-methylhexane [CgH5(CH2)4CH(CHs)2] from acetylene, alkyl halides, and any required inorganic 
reagents. 


12.72 Devise a stepwise method to convert 1-methylcyclopentene oxide to methylcyclopentane. 
12.73 Devise a synthesis of (8R,4S)-3,4-dichlorohexane from acetylene and any needed organic compounds or inorganic reagents. 


12.74 Devise a synthesis of each compound from CH3CH2OH as the only organic starting material; that is, every carbon in the product 
must come from a molecule of ethanol. You may use any other needed inorganic reagents. 


Q HO 


H 
af Xe pees 
aK p: m X G: wo 
CHCH? \ 
3 H OH 


Challenge Problems 


12.75 The Birch reduction is a dissolving metal reaction that converts substituted benzenes to 1,4-cyclohexadienes using Li and liquid 
ammonia in the presence of an alcohol. Draw a stepwise mechanism for the following Birch reduction. 


K Joo —_ OCH, 
NH; 
CH3CH,OH 


12.76 In the Cr* oxidation of cyclohexanols, it is generally true that sterically hindered alcohols react faster than unhindered alcohols. 
Which of the following alcohols should be oxidized more rapidly? 


CHa Jon cno Y "OH 
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Draw a stepwise mechanism for the following reaction. 


O. 
19) mCPBA Cl 
oO 
OSiR; OSiR 
R = alkyl group R = alkyl group 


Although reagents can always add to an alkene from either side, sometimes one side of the double bond is more sterically 
hindered, so an unequal mixture of addition products results. For example, when X is treated with Hz in the presence of a Pd 
catalyst, 80% of the product mixture contains the cis isomer Y and only 20% is the trans isomer Z. Thus, addition of Hz occurs 
predominantly on the side opposite to the bulky tert-butyl group, resulting in a new equatorial C-H bond. Keeping this in mind, 
what is the major epoxidation product formed from X under each of the following reaction conditions: (a) mCPBA; or (b) Bro, 
H20 followed by NaH? 


new equatorial C—H bond 
(— 
H 
A ens oe H Neo 
Pd-C + 


cis isomer trans isomer 
X Y Z 


Dihydroxylation of an alkene can be carried out with H20, in HCOŻŅH. In this reaction, trans-2-butene affords (2R,3S)-2,3- 
butanediol, whereas cis-2-butene affords a mixture of (2R,3A)-2,3-butanediol and (2S,3S)-2,3-butanediol. Does dihydroxylation 
by this method occur with syn or anti addition? 


Draw a stepwise mechanism for the re reaction. 


a A 
H,80,, H20 H0O OY 


Sharpless epoxidation of allylic alcohol X forms compound Y. Treatment of Y with NaOH and CgH;SH in an alcohol-water 
mixture forms Z. Identify the structure of Y and draw a mechanism for the conversion of Y to Z. Account for the stereochemistry 
of the stereogenic centers in Z. Z has been used as an intermediate in the synthesis of chiral carbohydrates. 


Sharpless 
Lo epoxidation Ş NaOH, CeHsSH O OH 
daha DET H20, (CH);COH KAA 
x OH 


Mass Spectrometry 
and Infrared Spectroscopy 
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a 13.1 Mass spectrometry 
Pe \ 13.2 Alkyl halides and the 
c] / ; M + 2 peak 
7 = f 13.3 Fragmentation 
— ’ f à 13.4 Other types of mass 
y l spectrometry 


13.7 IR absorptions 


13.8 IR and structure 
determination 


The serendipitous discovery of penicillin by Scottish bacteriologist Sir Alexander Fleming in 
1928 is considered one of the single most important events in the history of medicine. Penicil- 
lin G and related compounds are members of the B-lactam family of antibiotics, all of which 
contain a strained four-membered amide ring that is responsible for their biological activity. 
Penicillin was first used to cure a streptococcal infection in 1942, and by 1944 penicillin produc- 
tion was given high priority by the United States government, because it was needed to treat 
the many injured soldiers in World War II. The unusual structure of penicillin was elucidated by 
modern instrumental methods in the 1940s. In Chapter 13, we learn about mass spectrometry 
and infrared spectroscopy, two techniques for characterizing organic compounds like penicillin. 


13.5 Electromagnetic radiation 
13.6 Infrared spectroscopy 
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13.1 


13.1A 


Figure 13.1 
Schematic of a mass 
spectrometer 


Whether a compound is prepared in the laboratory or isolated from a natural source, a 
chemist must determine its identity. Seventy years ago, determining the structure of an organic 
compound involved a series of time-consuming operations: measuring physical properties (melt- 
ing point, boiling point, solubility, and density), identifying the functional groups using a series 
of chemical tests, and converting an unknown compound into another compound whose physical 
and chemical properties were then characterized as well. 


Although still a challenging task, structure determination has been greatly simplified by modern 
instrumental methods. These techniques have both decreased the time needed for compound 
characterization, and increased the complexity of compounds whose structures can be completely 
determined. 


In Chapter 13 we examine mass spectrometry (MS), which is used to determine the molecular 
weight and molecular formula of a compound, and infrared (IR) spectroscopy, a tool used to 
identify a compound’s functional groups. Chapter 14 is devoted to nuclear magnetic resonance 
(NMR) spectroscopy, which is used to identify the carbon—hydrogen framework in a compound, 
making it the most powerful spectroscopic tool for organic structure analysis. Each of these 
methods relies on the interaction of an energy source with a molecule to produce a change 
that is recorded in a spectrum. 


Mass Spectrometry 


Mass spectrometry is a technique used for measuring the molecular weight and determining 
the molecular formula of an organic molecule. 


General Features 


In the most common type of mass spectrometer, a molecule is vaporized and ionized, usually 
by bombardment with a beam of high-energy electrons, as shown in Figure 13.1. The energy of 
these electrons is typically about 6400 kJ, or 70 electron volts (eV). Because it takes ~400 kJ of 
energy to cleave a typical o bond, 6400 kJ is an enormous amount of energy to come into contact 
with a molecule. This electron beam ionizes a molecule by causing it to eject an electron. 


magnet 


electron filament > § 
beam 
sample po R 


y/ A vii 
apilan  Nooatlvely charged 


i accelerating and 
neutra! plate focusing plates 


_- analyzer tube 

positively charged ions 
(deflected according to m/z) 
ion exit slit 

— collector 


mass spectrum 


In a mass spectrometer, a sample is vaporized and bombarded by a beam of electrons to form an 
unstable radical cation, which then decomposes to smaller fragments. The positively charged ions 
are accelerated toward a negatively charged plate, and then passed through a curved analyzer tube 
in a magnetic field, where they are deflected by different amounts depending on their ratio of mass to 
charge (m/z). A mass spectrum plots the intensity of each ion versus its m/z ratio. 


The term spectroscopy is 
usually used for techniques 
that use electromagnetic 
radiation as an energy source. 
Because the energy source in 
MS is a beam of electrons, the 
term mass spectrometry is 
used instead. 


The whole-number mass of 
CH; is (1 C x 12 amu) + 

(4 Hx 1 amu) = 16 amu; 
amu = atomic mass unit. 


Relative abundance 
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TN 


molecule radical cation 


beam of 
high-energy electrons 


The species formed is a radical cation, symbolized M”. It is a radical because it has an unpaired 
electron, and it is a cation because it has one fewer electron than it started with. 


e The radical cation M** is called the molecular ion or the parent ion. 


A single electron has a negligible mass, so the mass of M” represents the molecular weight of 
M. Because the molecular ion M” is inherently unstable, it decomposes. Single bonds break to 
form fragments, radicals and cations having a lower molecular weight than the molecular 
ion. A mass spectrometer analyzes the masses of cations only. The cations are accelerated in an 
electric field and deflected in a curved path in a magnetic field, thus sorting the molecular ion and 
its fragments by their mass-to-charge (m/z) ratio. Because z is almost always +1, m/z actually 
measures the mass (m) of the individual ions. 
al 


mM —- Mt ——-+» radicals + | cations 


-g 


molecule unstable 


jadical gation These fragments are analyzed. 


e A mass spectrum plots the amount of each cation (its relative abundance) versus its 
mass. 


A mass spectrometer analyzes the masses of individual molecules, not the weighted average mass 
of a group of molecules, so the whole-number masses of the most common individual isotopes 
must be used to calculate the mass of the molecular ion. Thus, the mass of the molecular ion for 
CH; should be 16. As a result, the mass spectrum of CH, shows a line for the molecular ion—the 
parent peak or M peak—at m/z = 16. 


| Mass spectrum of CH, | 


molecular ion at m/z = 16 relative 
M peak m/z abundance 
17 1.2 
16 100.0 <— base peak 
M+1 peak 


10 ~% 20 


fragments 


The tallest peak in a mass spectrum is called the base peak. For CHy, the base peak is also the 
M peak, although this may not always be the case for all organic compounds. 


The mass spectrum of CH, consists of more peaks than just the M peak. What is responsible for 
the peaks at m/z < 16? Because the molecular ion is unstable, it fragments into other cations and 
radical cations containing one, two, three, or four fewer hydrogen atoms than methane itself. Thus, 
the peaks at m/z = 15, 14, 13, and 12, are due to these lower molecular weight fragments. The 
decomposition of a molecular ion into lower molecular weight fragments is called fragmentation. 


cu, —— (CHa) | H eye Ht. eye BS out e cf 


mass 16 mass 15 mass 14 mass 13 mass 12 
[n 


molecular ion fragments 
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Figure 13.2 


Mass spectrum of hexane 
(CH3CH2CH2CH2CH2CHs) 


13.1B 


Sample Problem 13.1 
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50 


10 


20 
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What is responsible for the small peak at m/z = 17 in the mass spectrum of CH3? Although most 
carbon atoms have an atomic mass of 12, 1.1% of them have an additional neutron in the nucleus, 
giving them an atomic mass of 13. When one of these carbon-13 isotopes forms methane, it gives 
a molecular ion peak at m/z = 17 in the mass spectrum. This peak is called the M + 1 peak. 


These key features—the molecular ion, the base peak, and the M + 1 peak—are illustrated in the 
mass spectrum of hexane in Figure 13.2. 


100 


CH,CH,CH,CH,CH,CH, 
molecular weight = 86 molecular ion 


base peak 
miz = 57 


miz = 86 


50 


Relative abundance 


0O 10 20 30 40 50 60 70 80 90 100 
miz 


¢ The molecular ion for hexane (molecular formula CgH,,) is at m/z = 86. 
¢ The base peak (relative abundance = 100) occurs at m/z = 57. 
¢ Asmall M + 1 peak occurs at m/z = 87. 


Analyzing Unknowns Using the Molecular lon 


Because the mass of the molecular ion equals the molecular weight of a compound, a mass 
spectrum can be used to distinguish between compounds that have similar physical properties but 
different molecular weights, as illustrated in Sample Problem 13.1. 


Pentane, 1-pentene, and 1-pentyne are low-boiling hydrocarbons that have different molecular 
ions in their mass spectra. Match each hydrocarbon to its mass spectrum. 


100 


molecular ion 
m/iz=70 


molecular ion 
m/z=68 


Relative abundance 
oi 
O 
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Problem 13.1 


Sample Problem 13.2 
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100 


molecular ion 


Relative abundance 
a 
oO 
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Solution 

To solve this problem, first determine the molecular formula and molecular weight of each 
compound. Then, because the molecular weight of the compound equals the mass of the 
molecular ion, match the molecular weight to m/z for the molecular ion: 


Molecular Molecular weight = 
Compound formula m/z of molecular ion Spectrum 
pentane, CH3CHsCH2CHsCH3 C5Hi2 72 [3] 
1 -pentene, CH2 =CHCH2CH2CH3 C5Hi9 70 [2] 


1-pentyne, HC =CCH2CH2CH3 CsHg 68 [1] 


What is the mass of the molecular ion formed from compounds having each molecular formula: 

(a) C3HgO; (b) C1oH20; (C) CgHgOo; (d) methamphetamine (C1 gH45N)? 

How to use the mass of the molecular ion to propose molecular formulas for an unknown is shown 
in Sample Problem 13.2. In this process, keep in mind the following useful fact. Hydrocarbons 
like methane (CH4) and hexane (CgH,4), as well as compounds that contain only C, H, and O 
atoms, always have a molecular ion with an even mass. An odd molecular ion generally indicates 
that a compound contains nitrogen. 


Propose possible molecular formulas for a compound with a molecular ion at m/z = 86. 


Solution 

Because the molecular ion has an even mass, the compound likely contains C, H, and possibly 
O atoms. Begin by determining the molecular formula for a hydrocarbon having a molecular ion 
at 86. Then, because the mass of an O atom is 16 (the mass of CH,), replace CH, by O to give 
a molecular formula containing one O atom. Repeat this last step to give possible molecular 
formulas for compounds with two or more O atoms. 


For a molecular ion at m/z = 86: 


Possible hydrocarbons: Possible compounds with C, H, and O: 


e Divide 86 by 12 (mass of 1 C atom). This e Substitute 1 O for CH4. (This can’t be done for C7H2.) 
gives the maximum number of C’s possible. 


oe À — CH, 
a a Ee 
(remainder = 2) 


* Replace 1 C by 12 H’s for another possible ¢ Repeat the process. 
molecular formula. 


-46 -CH = 
C7H2 Taare | Cehi C5H0 76” | C4HeO2 


The effect of N atoms on the mass of the molecular ion in a mass spectrum is called the nitrogen 
rule: A compound that contains an odd number of N atoms gives an odd molecular ion. 
Conversely, a compound that contains an even number of N atoms (including zero) gives an even 
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molecular ion. Two “street” drugs that mimic the effects of heroin illustrate this principle: 3-methyl- 
fentanyl (two N atoms, even molecular weight) and MPPP (one N atom, odd molecular weight), 


AOO ale 


ji 
CH3 
3-methylfentanyl MPPP 
C23H30N20 (1-methyl-4-phenyl-4- 
molecular weight = 350 propionoxypiperidine) 
C15H24NO2 


molecular weight = 247 


Problem 13,2 Propose two molecular formulas for each of the following molecular ions: (a) 72; (b) 100; (c) 73. 


13.2 Alky! Halides and the M + 2 Peak 


Most of the elements found in organic compounds, such as carbon, hydrogen, oxygen, nitrogen, 
sulfur, phosphorus, fluorine, and iodine, have one major isotope. Chlorine and bromine, on the 
other hand, have two, giving characteristic patterns to the mass spectra of their compounds. 


Chlorine has two common isotopes, *Cl and *’Cl, which occur naturally in a 3:1 ratio. Thus, 
there are two peaks in a 3:1 ratio for the molecular ion of an alkyl chloride. The larger 
peak—the M peak—corresponds to the compound containing *°Cl, and the smaller peak—the 
M + 2 peak—corresponds to the compound containing *’Cl. 


e When the molecular ion consists of two peaks (M and M + 2) in a 3:1 ratio, a Cl atom is 
present. 


Sample Problem 13.3 What molecular ions will be present in a mass spectrum of 2-chloropropane, (CH3)2CHCI? 


2-chloropropane [(CH3),CHCl] 


Solution 
Calculate the molecular weight using each of the common isotopes of Cl. 
Molecular formula Mass of molecular ion (m/z) 
CgH7*Cl 78 (M peak) 
C3H,7*Cl 80 (M + 2 peak) 


There should be two peaks in a ratio of 3:1, at m/z = 78 and 80, as illustrated in the mass 
spectrum of 2-chloropropane in Figure 13.3. 


Figure 13.3 100 


Mass spectrum of -| (CH3),CHCI 


molecular weight = 78, 80 


Á = 
| two molecular ions | 


height ratio: S 
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Figure 13.4 100 


Mass spectrum of 
2-bromopropane [(CH3)2CHBr] 


Probie 
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(CH3)2CHBr 
molecular weight = 122, 124 
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Relative abundance 
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Bromine has two common isotopes, Br and Br, which occur naturally in a 1:1 ratio, Thus, 
there are two peaks in a 1:1 ratio for the molecular ion of an alkyl bromide. In the mass 
spectrum of 2-bromopropane (Figure 13.4), for example, there is an M peak at m/z = 122 and an 
M + 2 peak at m/z = 124. 


e When the molecular ion consists of two peaks (M and M + 2) in a 1:1 ratio, a Br atom is 
present in the molecule. 


im 13,7 What molecular ions would you expect for compounds having each of the following molecular 


formulas: (a) C4HgCl; (b) C3HF; (c) C4Hi4N; (d) C4H4N3? 


13.4 What molecular ions would you expect for the compound depicted in the ball-and-stick model? 


» 3 ©@ 
a .* 
~~ e 
vw & 


13.3 Fragmentation 


While many chemists use a mass spectrum to determine only a compound’s molecular weight 
and molecular formula, additional useful structural information can be obtained from fragmen- 
tation patterns. Although each organic compound fragments in a unique way, a particular func- 
tional group exhibits common fragmentation patterns. 


13.3A General Features of Fragmentation 


As an example, consider hexane, whose mass spectrum was shown in Figure 13.2. When hexane 
is bombarded by an electron beam, it forms a highly unstable radical cation (m/z = 86) that can 
decompose by cleavage of any of the C-C bonds. Thus, cleavage of the terminal C-C bond 
forms CH;CH,CH,CH,CH,* and CH;*. Fragmentation generates a cation and a radical, and 
cleavage generally yields the more stable, more substituted carbocation. 


Cleave this bond. 


CH3CHz,CH2CHzCH2CH3 — (CH3;CHsCH2,CH2CH2—CHs)* Á g CH4CH2CHCH2ČH; + *CH3 
radical cation cation radical 
m/z = 86 m/z=71 


e Loss of a CH, group always forms a fragment with a mass 15 units less than the 
molecular ion. 
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Figure 13.5 


Identifying fragments in the 
mass spectrum of hexane 


Sample Problem 13.4 


Problem 13.5 


Problem 13.6 
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e Cleavage of C-C bonds (labeled [1]-[4]) in hexane forms lower molecular weight fragments that 
correspond to lines in the mass spectrum. Although the mass spectrum is complex, possible 
structures can be assigned to some of the fragments, as shown. 


As a result, the mass spectrum of hexane shows a peak at m/z = 71 due to CH;CH,CH,CH,CH,"*. 
Figure 13.5 illustrates how cleavage of other C-C bonds in hexane gives rise to other fragments 
that correspond to peaks in its mass spectrum. 


The mass spectrum of 2,3-dimethylpentane [(CHs)2CHCH(CH3)CH2CH3] shows fragments at m/z = 
85 and 71. Propose possible structures for the ions that give rise to these peaks. 


Solution 

To solve a problem of this sort, first calculate the mass of the molecular ion. Draw out the structure 
of the compound, break a C-C bond, and calculate the mass of the resulting fragments. Repeat this 
process on different C-C bonds until fragments of the desired mass-to-charge ratio are formed. 


Cleave bond [1] i; 
leave bond [1]. + 
CH,—-C—C-CH,CH, +  -CH, 
n Hon 
CHa GH; - m/z = 85 
e = 
CH,-C—C-CH,CH, 
H H 
miz= 100! ey 
CH,—-C—C+ + -CH,CH, 
Cleave bond [2]. H 4 
m/z=71 


In this example, 2,3-dimethylpentane has a molecular ion at m/z = 100. Cleavage of bond [1] forms a 2° 
carbocation with m/z = 85 and CH,». Cleavage of bond [2] forms another 2° carbocation with m/z = 71 
and CH3CH,°. Thus, the fragments at m/z = 85 and 71 are possibly due to the two carbocations drawn. 


The mass spectrum of 2,3-dimethylpentane also shows peaks at m/z = 57 and 43. Propose 
possible structures for the ions that give rise to these peaks. 

The base peak in the mass spectrum of 2,2,4-trimethylpentane [(CH3)3CCH2CH(CHs)2] occurs at 
m/z = 57. What ion is responsible for this peak and why is this ion the most abundant fragment? 


13.3B 


Sample Problem 13.5 


Problem 13.7 


Problem 13.8 
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Fragmentation Patterns of Some Common Functional Groups 


Each functional group exhibits characteristic fragmentation patterns that help to analyze a mass 
spectrum. For example, aldehydes and ketones often undergo the process of œ cleavage, break- 
ing the bond between the carbonyl carbon and the carbon adjacent to it. Cleavage yields a 
neutral radical and a resonance-stabilized acylium ion. 


+e 


(0) 
I a cleavage + sa + 
“UN —» R-C=O: <—, R-C=O: + R" 
R R' ai oaa 
resonance-stabilized acylium ion 
Break this bond. 
R =H or alkyl 


Alcohols undergo fragmentation in two different ways—o. cleavage and dehydration. Alpha (a) 
cleavage occurs by breaking a bond between an alkyl group and the carbon that bears the OH 
group, resulting in an alkyl radical and a resonance-stabilized carbocation. 


+. 


OH ö w 
| a. cleavage OH OH 
=C— ee C es C + R: 
1 AES wR, 
C R resonance-stabilized carbocation 
Break this bond. 


Likewise, alcohols undergo dehydration, the elimination of H,O, from two adjacent atoms. 
Unlike fragmentations discussed thus far, dehydration results in the cleavage of two bonds and 
forms H,O and the radical cation derived from an alkene. 


++ +. 


1 | dehydration Ye F 
—c-c— | ———> pre + HO 


e Loss of H20 from an alcohol always forms a fragment with a mass 18 units less than 
the molecular ion. 


What mass spectral fragments are formed from o. cleavage of 2-pentanone, CH3;COCH,CH2CH3? 


Solution 

Alpha (a) cleavage breaks the bond between the carbonyl carbon and the carbon adjacent to it, 
yielding a neutral radical and a resonance-stabilized acylium ion. A ketone like 2-pentanone with two 
different alky! groups bonded to the carbonyl carbon has two different pathways for œ cleavage. 


leave bond [1], 5 
oe :O=G-CH,CH,CH, + CHy 


i m/z=71 
va pean 
+ ee 
CH,—-¢-6: + -CH,CH,CH 
[1] [2] Cleave bond [2]. i r 
miz = 43 


As a result, two fragments are formed by o cleavage of 2-pentanone, giving peaks at m/z = 71 and 43. 


(a) What mass spectral fragments are formed by a cleavage of 2-butanol, CH3;CH(OH)CH2CH3? 
(b) What fragments are formed by dehydration of 2-butanol? 


What cations are formed in the mass spectrometer by œ cleavage of each of the following 
compounds? 


O 
li 
a. Je b. CHsCHjCH;CH)CH»CH,OH c. CHsCH,CH,CHO 
CHCH; OC 


492 


Table 13.1 


Chapter 13 Mass Spectrometry and Infrared Spectroscopy 


13.4 Other Types of Mass Spectrometry 


13.4A 


Exact Masses of Some 
Common Isotopes 


Isotope 
126 
1H 
160 
14N 


Like other controlled substances, 
the tetrahydrocannabinol 

from marijuana leaves can be 
detected in minute amounts by 
GC-MS. 


Mass 
12.0000 
1.00783 
15.9949 
14.0031 


Problem 13.9 


13.4B 


Recent advances have greatly expanded the information obtained from mass spectrometry. 


High-Resolution Mass Spectrometry 


The mass spectra described thus far have been low-resolution spectra; that is, they report m/z 
values to the nearest whole number. As a result, the mass of a given molecular ion can correspond 
to many different molecular formulas, as shown in Sample Problem 13.2. 


High-resolution mass spectrometers measure m/z ratios to four (or more) decimal places. This 
is valuable because except for carbon-12, whose mass is defined as 12.0000, the masses of all 
other nuclei are very close to—but not exactly—whole numbers, Table 13.1 lists the exact mass 
values of a few common nuclei. Using these values it is possible to determine the single molecular 
formula that gives rise to a molecular ion. 


For example, a compound having a molecular ion at m/z = 60 using a low-resolution mass spec- 
trometer could have the following molecular formulas: 


Formula Exact mass 
C3HgO 60.0575 
C2H403 60.0211 
CoHgNo 60.0688 


If the molecular ion had an exact mass of 60.0578, the compound’s molecular formula is C;H,O, 
because its mass is closest to the observed value. 


The low-resolution mass spectrum of an unknown analgesic X had a molecular ion of 151. 
Possible molecular formulas include C7HsNO3, CgHgNOo, and C1 9H;7N. High-resolution mass 
spectrometry gave an exact mass of 151.0640. What is the molecular formula of X? 


Gas Chromatography-Mass Spectrometry (GC-MS) 


Two analytical tools—gas chromatography (GC) and mass spectrometry (MS)—can be com- 
bined into a single instrument (GC-MS) to analyze mixtures of compounds (Figure 13.6a). The 
gas chromatograph separates the mixture, and then the mass spectrometer records a spectrum of 
the individual components. 


A gas chromatograph consists of a thin capillary column containing a viscous, high-boiling liquid, 
all housed in an oven. When a sample is injected into the GC, it is vaporized and swept by an inert 
gas through the column. The components of the mixture travel through the column at different rates, 
often separated by boiling point, with lower boiling compounds exiting the column before higher 
boiling compounds. Each compound then enters the mass spectrometer, where it is ionized to form 
its molecular ion and lower molecular weight fragments. The GC—MS records a gas chromatogram 
for the mixture, which plots the amount of each component versus its retention time—that is, the 
time required to travel through the column. Each component of a mixture is characterized by its 
retention time in the gas chromatogram and its molecular ion in the mass spectrum (Figure 13.6b). 


GC-MS is widely used for characterizing mixtures containing environmental pollutants. It is also 
used to analyze urine and hair samples for the presence of illegal drugs or banned substances 
thought to improve athletic performance. 


To analyze a urine sample for THC (tetrahydrocannabinol), the principal psychoactive compo- 
nent of marijuana, the organic compounds are extracted from urine, purified, concentrated, and 
injected into the GC-MS. THC appears as a GC peak with a characteristic retention time (for a 
given set of experimental parameters), and gives a molecular ion at 314, its molecular weight, as 
shown in Figure 13.7. 


13.4 Other Types of Mass Spectrometry 493 


Figure 13.6 4 Schematic of a GC-MS instrument 
Compound analysis sample 


using GC-MS Ge | 


gas chromatograph mass spectrometer 


` A ; ; computer for 
a evacuated chamber data analysis 
heated oven 


The gas chromatograph separates The mass spectrometer records a 
the mixture into its components. spectrum of the individual components. 


b. GC trace of a three-component mixture. The mass spectrometer gives a spectrum for each 
component. 


Peak intensity 


| Time 
sample injection 


Figure 13.7 
Mass spectrum of molecular ion 
tetrahydrocannabinol (THC) miz = 314 


THC 


tetrahydrocannabinol 
C21H3002 


Relative abundance 
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Problem 13.10 


13.4C 


Dr. John Fenn shared the 2002 
Nobel Prize in Chemistry for 
his development of ESI mass 
spectrometry. 


13.5 


Length units used to report 
wavelength include: 


Unit Length 
meter (m) im 
centimeter (cm) 10? m 
micrometer (um) 10° m 
nanometer (nm) 10° m 
Angstrom (Å) 40" m 


Benzene, toluene, and p-xylene (BTX) are often added to gasoline to boost octane ratings. What 
would be observed if a mixture of these three compounds were subjected to GC-MS analysis? 
How many peaks would be present in the gas chromatogram? What would be the relative order of 
the peaks? What molecular ions would be observed in the mass spectra? 


O Ow ala 


benzene toluene p-xylene 


Mass Spectra of High Molecular Weight Biomolecules 


Until the 1980s mass spectra were limited to molecules that could be readily vaporized with 
heat under vacuum, and thus had molecular weights of < 800. In the last 25 years, new methods 
have been developed to generate gas phase ions of large molecules, allowing mass spectra to be 
recorded for large biomolecules such as proteins and carbohydrates. Electrospray ionization 
(ESI), for example, forms ions by creating a fine spray of charged droplets in an electric field. 
Evaporation of the charged droplets forms gaseous ions that are then analyzed by their m/z ratio. 
ESI and related techniques have extended mass spectrometry into the analysis of nonvolatile 
compounds with molecular weights greater than 100,000 daltons (atomic mass units). 


Electromagnetic Radiation 


Infrared (IR) spectroscopy and nuclear magnetic resonance (NMR) spectroscopy (Chapter 14) 
both use a form of electromagnetic radiation as their energy source. To understand IR and NMR, 
therefore, you need to understand some of the properties of electromagnetic radiation—radiant 
energy having dual properties of both waves and particles. 


The particles of electromagnetic radiation are called photons, each having a discrete amount of 
energy called a quantum. Because electromagnetic radiation also has wave properties, it can be 
characterized by its wavelength and frequency. 


e Wavelength (A) is the distance from one point on a wave (e.g., the peak or trough) to 
the same point on the adjacent wave. A variety of different length units are used for À, 
depending on the type of radiation. 


e Frequency (v) is the number of waves passing a point per unit time. Frequency is 
reported in cycles per second (s), which is also called hertz (Hz). 


You come into contact with many different kinds of electromagnetic radiation in your daily life. 
For example, you use visible light to see the words on this page, you may cook with microwaves, 
and you should use sunscreen to protect your skin from the harmful effects of ultraviolet radiation. 


The different forms of electromagnetic radiation make up the electromagnetic spectrum. The 
spectrum is arbitrarily divided into different regions, as shown in Figure 13.8. All electromagnetic 
radiation travels at the speed of light (c), 3.0 x 10° m/s. 


The speed of electromagnetic radiation (c) is directly proportional to its wavelength and frequency: 
c= w 
The speed of light (c) is a constant, so wavelength and frequency are inversely related: 


e à = c/v: Wavelength increases as frequency decreases. 
e y =c/i: Frequency increases as wavelength decreases. 


The energy (£) of a photon is directly proportional to its frequency: 


E = hy | h=Planck’s constant (6.63 X 1074 J-s) 


Figure 13.8 
The electromagnetic spectrum 


Problem 13.11 


Problem 13.12 
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e Visible light occupies only a small region of the electromagnetic spectrum. 


Frequency and wavelength are inversely proportional (v = c/A), however, so energy and wave- 
length are inversely proportional: 


e E increases as v increases. 
e E decreases as A increases. 


When electromagnetic radiation strikes a molecule, some wavelengths—but not all—are 
absorbed. Only some wavelengths are absorbed because molecules have discrete energy levels. 
The energies of their electronic, vibrational, and nuclear spin states are quantized, not continuous. 


e For absorption to occur, the energy of the photon must match the difference between 
two energy states in a molecule. 


For absorption to occur, the energy of the incident 
AE electromagnetic radiation must match AE. 


lower energy state AE = the energy difference between two states in a molecule 


higher energy state 


e The larger the energy difference between two states, the higher the energy of radiation 
needed for absorption, the higher the frequency, and the shorter the wavelength. 


Which of the following has the higher frequency: (a) light having a wavelength of 10° or 104 nm; 
(b) light having a wavelength of 100 nm or 100 um; (c) red light or blue light? 


Which of the following has the higher energy: (a) light having a v of 10* Hz or 10° Hz; (b) light 
having a à of 10 nm or 1000 nm; (c) red light or blue light? 
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13.6 


13.6A 


Using the wavenumber 

scale results in IR values in a 
numerical range that is easier to 
report than the corresponding 
frequencies given in hertz 
(4000-400 cm compared to 
1.2 x 10'4-1,2 x 101° Hz). 


Problem 13.13 


Infrared Spectroscopy 


Organic chemists use infrared (IR) spectroscopy to identify the functional groups in a 
compound. 


Background 


Infrared radiation (A = 2.5—25 um) is the energy source in infrared spectroscopy. These are some- 
what longer wavelengths than visible light, so they are lower in frequency and lower in energy than 
visible light. Frequencies in IR spectroscopy are reported using a unit called the wavenumber (Y): 


Wavenumber is inversely proportional to wavelength and reported in reciprocal centimeters 
(em). Wavenumber (¥) is proportional to frequency (Vv). Frequency (and therefore energy) 
increases as the wavenumber increases. Using the wavenumber scale, IR absorptions occur 
from 4000 cm™-—400 em™. 


e Absorption of IR light causes changes in the vibrational motions of a molecule. 


Covalent bonds are not static. They are more like springs with weights on each end. When two 
atoms are bonded to each other, the bond stretches back and forth. When three or more atoms are 
joined together, bonds can also bend. These bond stretching and bending vibrations represent the 
different vibrational modes available to a molecule. 


Stretching | | Bending | 
@) 
C Reread |) E 
®) 
A bond can stretch. Two bonds can bend. 
These vibrations are quantized, so they occur only at specific frequencies, which correspond to 
the frequency of IR light. When the frequency of IR light matches the frequency of a particular 


vibrational mode, the IR light is absorbed, causing the amplitude of the particular bond stretch 
or bond bend to increase. 


When the v of IR light = the v of 
bond stretching, IR light is absorbed. 


hy 
Orv @ as. C] MPT es ~~~ @ 


The bond stretches further. 
The amplitude increases. 


e Different kinds of bonds vibrate at different frequencies, so they absorb different 
frequencies of IR light. 

e IR spectroscopy distinguishes between the different kinds of bonds in a molecule, so it 
is possible to determine the functional groups present. 


Which of the following has higher energy: (a) IR light of 3000 cm” or 1500 cm” in wavenumber; 
(b) IR light having a wavelength of 10 um or 20 um? 
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13.6B Characteristics of an IR Spectrum 


In an IR spectrometer, light passes through a sample. Frequencies that match vibrational fre- 
quencies are absorbed, and the remaining light is transmitted to a detector. A spectrum plots 
the amount of transmitted light versus its wavenumber. The IR spectrum of 1-propanol, 
CH;CH,CH,OH, illustrates several important features of IR spectroscopy. 


wavelength 2 
scale (um) 100 — 


% Transmittance 


0 
frequency 
scale (m7!) —— 4000 3500 3000 2500 2000 1500 1000 


Wavenumber (cm!) 


functional fingerprint 
group region region 


An IR spectrum has broad lines. 

The absorption peaks go down on a page. The y axis measures percent transmittance: 100% 
transmittance means that all the light shone on a sample is transmitted and none is absorbed; 
0% transmittance means that none of the light shone on a sample is transmitted and all is 
absorbed. Most absorptions lie between these two extremes. 

Each peak corresponds to a particular kind of bond, and each bond type (such as 
O-H and C-H) occurs at a characteristic frequency. 

IR spectra have both a wavelength and a wavenumber scale on the x axis. Wavelengths are 
recorded in um (2.5-25). Wavenumber, frequency, and energy decrease from left to right. 
Where a peak occurs is reported in reciprocal centimeters (cm). 


Conceptually, the IR spectrum is divided into two regions: 


e The functional group region occurs at 2 1500 cm™. Common functional groups give 
one or two peaks in this region, at a characteristic frequency. 

e The fingerprint region occurs at < 1500 cm”'. This region often contains a complex set 
of peaks and is unique for every compound. 


Compare, for example, the IR spectra of 5-methyl-2-hexanone (A) and ethyl propanoate (B) in 
Figure 13.9. The IR spectra look similar in their functional group regions because both com- 
pounds contain a carbonyl group (C=O) and several sp? hybridized C-H bonds. Since A and B 
are different compounds, however, their fingerprint regions look very different. 
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Figure 13.9 


Comparing the functional group 
region and fingerprint region of 
two compounds 


13.7 
13.7A 


Figure 13.10 


Hooke’s law: How the 
frequency of bond vibration 
depends on atom mass 
and bond strength 
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Wavenumber (cm~!) 
different fingerprint regions 


¢ A and B show peaks in the same regions for their C=O group and sp? hybridized C-H bonds. 
e A and B are different compounds, so their fingerprint regions are quite different. 


1500 500 


IR Absorptions 
Where Particular Bonds Absorb in the IR 


Where a particular bond absorbs in the IR depends on bond strength and atom mass. 


e Bond strength: stronger bonds vibrate at higher frequency, so they absorb at higher V. 
e Atom mass: bonds with lighter atoms vibrate at higher frequency, so they absorb at 
higher ¥. 


Thinking of bonds as springs with weights on each end illustrates these trends. The strength of the 
spring is analogous to bond strength, and the mass of the weights is analogous to atomic mass. 
For two springs with the same weights on each end, the stronger spring vibrates at a higher 
frequency. For two springs of the same strength, springs with lighter weights vibrate at higher 
frequency than those with heavier weights. Hooke’s law, as shown in Figure 13.10, describes the 
relationship of frequency to mass and bond strength. 


The frequency of bond vibration can be derived from Hooke’s law, which describes the motion of a 
vibrating spring: 


stronger bond -- > higher frequency 
f= force constant 


m = mass 
k= constant 


Hooke’s law 


smaller mass —-- higher frequency 


e The force constant (f) is the strength of the bond (or spring). The larger the value of f, the stronger 
the bond, and the higher the ¥ of vibration. 

e The mass (m) is the mass of atoms (or weights). The smaller the value of m, the higher the ¥ of 
vibration. 


Figure 13.11 


Summary: The four regions 
of the IR spectrum 
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Increasing wavenumber 


Increasing energy 
4000 2500 2000 1500 400 Wavenumber (cm) 


lighter atoms || stronger bonds 


fingerprint 
region — 


As a result, bonds absorb in four predictable regions in an IR spectrum. These four regions, 
and the bonds that absorb there, are summarized in Figure 13.11. Remembering the information 
in this figure will help you analyze the spectra of unknown compounds. To help you remember 
it, keep in mind the following two points: 


higher frequency || higher frequency 


e Absorptions for bonds to hydrogen always occur on the left side of the spectrum (the 
high wavenumber region). H has so little mass that H-Z bonds (where Z = C, O, and N) 
vibrate at high frequencies. 

¢ Bond strength decreases in going from C=C > C=C > C-C, so the frequency of 
vibration decreases—that is, the absorptions for these bonds move farther to the right 
side of the spectrum. 


The functional group region consists of absorptions for single bonds to hydrogen (all H-Z 
bonds), as well as absorptions for all multiple bonds. Most absorptions in the functional group 
region are due to bond stretching (rather than bond bending). The fingerprint region consists of 
absorptions due to all other single bonds (except H-Z bonds), often making it a complex region 
that is very difficult to analyze. 


Besides learning the general regions of the IR spectrum, it is also important to learn the specific 
absorption values for common bonds. Table 13.2 lists the most important IR absorptions in the 
functional group region. Other details of IR absorptions will be presented in later chapters when 


Table 13.2 Important IR Absorptions l E 


Bond type Approximate ¥ (cm~) Intensity 
' O-H 3600-3200 strong, broad 

N-H 3500-3200 medium 
C-H ~3000 

e C,.3-H 3000-2850 strong 

© C-H 3150-3000 medium 

e C-H 3300 medium 
C=C 2250 medium 
C=N 2250 medium 
C=0 1800-1650 (often ~1700) strong 
C=C 1650 medium 


O 1600, 1500 medium 


500 
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13.7B 


new functional groups are introduced. Appendix E contains a detailed list of the characteristic IR 
absorption frequencies for common bonds. 


Even subtle differences that affect bond strength affect the frequency of an IR absorption. Recall 
from Section 1.11 that the strength of a C-H bond increases as the percent s-character of the 
hybrid orbital on the carbon increases; thus: 


| / 
—=C—H =C =C—H 
| a5 
H 
Csp3—H Csp?—H Csp—H 
25% s-character 33% s-character 50% s-character 


O 


Increasing percent s-character 
Increasing V 


e The higher the percent s-character, the stronger the bond and the higher the 
wavenumber of absorption. 


Which bond in each pair absorbs at higher wavenumber? 


a. Cie Cre et.al, or CHAZO lOH b. iri or ai? 


Finally, almost all bonds in a molecule give rise to an absorption peak in an IR spectrum, but a 
few do not. For a bond to absorb in the IR, there must be a change in dipole moment during 
the vibration. Thus, symmetrical, nonpolar bonds do not absorb in the IR. The carbon-carbon 
triple bond of 2-butyne, for example, does not have an IR stretching absorption at 2250 cm’! 
because the C=C bond is nonpolar and there is no change in dipole moment when the bond 
stretches along its axis. This type of vibration is said to be IR inactive. 


Stretching along the bond axis 
does not change the dipole moment. 


> 
CH3—-C=C—CH3 


nonpolar bond 
IR inactive 


IR Absorptions in Hydrocarbons 


The IR spectra of hexane, 1-hexene, and 1-hexyne illustrate the important differences that char- 
acterize the IR spectra of hydrocarbons above 1500 cm”. Although all three compounds contain 
C-C bonds and sp’ hybridized C-H bonds, the absorption peaks due to C=C and C=C readily 
distinguish the alkene and alkyne. 


Note, too, that the C-H absorptions in alkanes, alkenes, and alkynes have a characteristic 
appearance and position. The sp’ hybridized C-H bonds are often seen as a broad, strong 
absorption at < 3000 cm’, whereas sp” and sp hybridized C-H bonds absorb at somewhat 
higher frequency. 
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Hexane CH4CHCH2CH2CHCH3 
oT . | ¢ The alkane CH;CH,CH,CH,CH,CH; has only C-C single bonds 
and sp? hybridized C atoms. Therefore, it has only one major absorp- 
tion above 1500 cm“, its C,,s—H absorption at 3000-2850 cm”. 


% Transmittance 
ai 
oO 


0 
4000 3500 3000 2500 2000 1500 1000 
Wavenumber (cm~!) 


i 1-Hexene CH,=CHCH,CH2CHeCH3 


e The alkene CH,=CHCH,CH,CH,CH; has a C=C and C,,2—H, in 
addition to its sp? hybridized C atoms. Therefore, there are three 
major absorptions above 1500 cm”: 


e C,—H at 3150-3000 cm™ 
e C-H at 3000-2850 cm™ 
e C=C at 1650 cm! 


% Transmittance 
ol 
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1-Hexyne HC=CCH2CHCH2CH3 
100 -p e The alkyne HC=CCH,CH,CH,CH; has a C=C and C,,—H, in 
addition to its sp’ hybridized C atoms. Therefore, there are three 


major absorptions: 
e C-H at 3300 cm" 
e C,H at 3000-2850 cm! 
e CEC at ~2250 cm” 


% Transmittance 
o 
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4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm~!) 


Problem 13.15 How do the IR spectra of the isomers cyclopentane and 1-pentene differ? 
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13.7C IR Absorptions in Oxygen-Containing Compounds 


The most important IR absorptions for oxygen-containing compounds occur at 3600-3200 cm 
for an OH group, and at approximately 1700 em™ for a C=O, as illustrated in the IR spectra 
of an alcohol (2-butanol), a ketone (2-butanone), and an ether (diethyl ether). The peak at 
~3000 cm” in each spectrum is due to C,3—H bonds. 


2-Butanol CH3;CH(OH)CH,CH; 


oe © The OH group in the alcohol CH;CH(OH)CH,CH; shows a strong 


absorption at 3600-3200 em”. 
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% Transmittance 
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Wavenumber (cm™!) 
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mo 
2-Butanone CH; CHCH; 
e The C=O group in the ketone CH;COCH.CH; shows a strong 
absorption at ~1700 cm”. 


e The exact location of the C=O absorption depends on the particu- 
lar type of carbonyl group, whether the carbonyl carbon is part of 
a ring, and whether there are nearby double bonds. These details 
are discussed in Chapters 21 and 22. 


% Transmittance 


0 
4000 3500 3000 2500 2000 1500 1000 £500 
Wavenumber (cm) 


Diethyl ether CHz;CH2,0CH2CH3 

9 e (CH;CH3)0O has neither an OH group nor a C=O, so its only 
absorption above 1500 cm! occurs at ~3000 cm™!, due to sp” 
hybridized C—H bonds. Compounds that contain an oxygen atom 
but do not show an OH or C=O absorption are ethers. 
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13.7D IR Absorptions in Nitrogen-Containing Compounds 


Common functional groups that contain nitrogen atoms are also distinguishable by their IR 
absorptions above 1500 cm’, as illustrated by the IR spectra of an amine (octylamine), an 
amide (propanamide), and a nitrile (octanenitrile). Additional details on the IR spectra of these 
compounds are given in Chapters 22 and 25. 


Octylamine CH3CH2CH2CH2CH2CH2CH2CH NH3 
o ¢ The N-H bonds in the amine CH3(CH,)7;NH) give rise to two 
weak absorptions at 3300 and 3400 cm™. 


% Transmittance 
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Propanamide CHCH; NH3 


Tog e The amide CH;CH,CONH, exhibits absorptions above 1500 cm” 


for both its N-H and C=O groups: 
e N-H (two peaks) at 3200 and 3400 cm" 


$ © C=O at 1660 cm” 
5 50 
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0 — : aa ina- = —— 
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Octanenitrile CH3CH,CHs,CH,CH,CH,CH,C=N 
100 * The CEN group of the nitrile CH,(CH2)CN absorbs in the triple 
bond region at ~2250 cm™'. 
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Sample Problem 13.6 How can the two isomers having molecular formula C2H,O be distinguished by IR spectroscopy? 


Solution 
First, draw the structures of the compounds and then locate the functional groups. One compound 
is an alcohol and one is an ether. 


| c-H | O-H | , C-H | 
CH3CH,—OH CH;—-O—CH,+— No OH group 


ethanol dimethyl ether 


* C-H absorption at ~3000 cm~! e C-H absorption at ~3000 cm only 
* O-H absorption at 3600-3200 cm~! 


Although both compounds have sp? hybridized C-H bonds, ethanol has an OH group that gives a 
strong absorption at 3600-3200 cm”, and dimethyl ether does not. This feature distinguishes the 
two isomers. 


Problem 13.16 How do the three isomers of molecular formula C3H,O (A, B, and C) differ in their IR spectra? 


f0) 

g 

CH; CH, CH,OCH=CH, [>-0H 
A B c 


Sample Problem 13.7 shows how the region above 1500 cm” in an IR spectrum can be used for 
functional group identification. 


Sample Problem 13.7 What functional groups are responsible for the absorptions above 1500 cm in compounds A and B? 


% Transmittance 


100 


(a) Compound A (b) Compound B 


100 
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Solution 

a. Compound A has two major absorptions above 1500 cm”: The absorption at ~3000 cm” is 
due to C-H bonds and the absorption at ~1700 cm is due to a C=O group. 

b. Compound B has two major absorptions above 1500 cm: The absorption at ~3000 cm” is due to 
C-H bonds and the absorption at ~2250 cm” is due to a triple bond, either a C=C ora CEN. 
Because there is no absorption due to an sp hybridized C-H bond at 3300 cm”, this IR spectrum 
cannot be due to a terminal alkyne (HC= CR) but may still be due to an internal alkyne. 


100 - 


(a) Compound A 


ae ee 


13.8 IR and Structure Determination 505 


What functional groups are responsible for the absorptions above 1500 cm’ in the IR spectra for 
compounds A and B? 
(b) Compound B 


aS ae 


8 8 
a a 
£ £ 
& 50 E 50 
(= E 
S g 
= = 
a 3 
0 A ALA SL 0 
4000 3500 3000 2500 2000 1500 1000 £500 4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm~!) Wavenumber (cm) 


The antibiotic properties of 
penicillin were discovered 
when Sir Alexander Fleming 
noticed that a mold of the 
genus Penicillium inhibited 


the growth of certain bacteria. 


Penicillin was used as an 
antibiotic before its structure 
was determined conclusively. 


2. $c 


What are the major IR absorptions in the functional group region for each compound? 


capsaicin 
(spicy component of hot peppers) 


What are the major IR absorptions in the functional group region for oleic acid, a common 
unsaturated fatty acid (Section 10.6A)? 


v oleic acid vY oe 


13.8 IR and Structure Determination 


Since its introduction, IR spectroscopy has proven to be a valuable tool for determining the func- 
tional groups in organic molecules. 


In the 1940s, IR spectroscopy played a key role in elucidating the structure of the antibiotic peni- 
cillin G, the chapter-opening molecule. B-Lactams, four-membered rings that contain an amide, 
have a carbonyl group that absorbs at ~1760 cm™, a much higher frequency than that observed 
for most amides and many other carbonyl groups. Because penicillin G had an IR absorption at 
this frequency, A became the leading candidate for the structure of penicillin rather than B, a 
possibility originally considered more likely. Structure A was later confirmed by X-ray analysis. 


| Correct structure | | incorrect structure, 
: | ruled out using IR spectroscopy 
B-lactam l 
N sS N S 
CH ad CHg 
pa” o WOH O N 
(0) (9) O H COOH 
B 


B-lactam A 
penicillin G 
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New instruments for 
determining blood alcohol 
concentration use IR 
spectroscopy for analyzing the 
C-H absorption of CH3CH2OH 
in exhaled air. Figure 12.10 
illustrated an earlier method 
based on oxidation chemistry. 


How To Use MS and IR for Structure Determination 


IR spectroscopy is often used to determine the outcome of a chemical reaction. For example, 
oxidation of the hydroxy group in C to form the carbonyl group in periplanone B is accompanied 
by the disappearance of the OH absorption (3600-3200 cm") and the appearance of a carbonyl 
absorption near 1700 cm”! in the IR spectrum of the product. Periplanone B is the sex phero- 
mone of the female American cockroach. 
The absorption at 3600-3200 cm~! 
disappears. 


i Hs -1 
o T absorption at ~1700 cm 


O, appears. 


Crêt oxidant (X ) 


periplanone B 


The combination of IR and mass spectral data provides key information on the structure of an 
unknown compound. The mass spectrum reveals the molecular weight of the unknown (and 
the molecular formula if an exact mass is available), and the IR spectrum helps to identify the 
important functional groups. 


Example What information is obtained from the mass spectrum and IR spectrum of an unknown compound X? Assume X 
contains the elements C, H, and O. 


100 
Mass spectrum of X 
8 
3 
ge] 
Cc 
2 
3 50 
È molecular ion 
s miz = 88 
faa 
0 
O 10 20 30 40 50 60 70 80 90 100 
miz 
IR of X 
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How To, continued -4 


Step[1] Use the molecular ion to determine possible molecular formulas. Use an exact mass (when available) to 


determine a molecular formula. 


e Use the procedure outlined in Sample Problem 13.2 to calculate possible molecular formulas. For a molecular ion at 


m/z = 88: 
-CH = -CH -CH 
88 = 70, __+ i. Ae, 4 4 
1 ioa CHa -7o CeO srs +10 E 


(remainder = 4) ) 
three possible formulas 


e Discounting C7H, (a hydrocarbon) and C,O (because it contains no H’s) gives three possible formulas for X. 

e |f high-resolution mass spectral data are available, the molecular formula can be determined directly. If the 
molecular ion had an exact mass of 88.0580, the molecular formula of X is C4H0; (exact mass = 88.0524) 
rather than CsH120 (exact mass = 88.0888) or C3H,O; (exact mass = 88.0160). 


Step [2] Calculate the number of degrees of unsaturation (Section 10.2). 


e For a compound of molecular formula C4HgO2, the maximum number of H’s = 2n + 2 = 2(4) + 2 = 10. 
e Because the compound contains only 8 H’s, it has 10 - 8 = 2 H’s fewer than the maximum number. 
e Because each degree of unsaturation removes 2 H’s, X has one degree of unsaturation. X has one ring or one 7 bond, 


Step [3] Determine what functional group is present from the IR spectrum. 


e The two major absorptions in the IR spectrum above 1500 cm” are due to sp? hybridized C-H bonds (~3000-2850 cm’) 
and a C=O group (1740 cm’). Thus, the one degree of unsaturation in X is due to the presence of the C=O. 


Mass spectrometry and IR spectroscopy give valuable but limited information on the identity of 

an unknown. Although the mass spectral and IR data reveal that X has a molecular formula of 

C,H gO, and contains a carbonyl group, more data are needed to determine its complete structure. 

In Chapter 14, we will learn how other spectroscopic data can be used for that purpose. 
Problem 13.20 Which of the following possible structures for X can be excluded on the basis of its IR spectrum: 

(a) CH3COOCH2CHs; (b) HOCHszCH2zCH2CHO; (c) CH3CH2zCOOCH3; (d) CH3CH2CH2COOH? 


Problem 13.21 Propose structures consistent with each set of data: (a) a hydrocarbon with a molecular ion 
at m/z = 68 and IR absorptions at 3310, 3000-2850, and 2120 cm”; (b) a compound 
containing C, H, and O with a molecular ion at m/z = 60 and IR absorptions at 3600-3200 
and 3000-2850 cm". 


KEY CONCEPTS ee ti(i‘is 


Mass Spectrometry and Infrared Spectroscopy 
Mass Spectrometry (MS; 13.1-13.4) 


Mass spectrometry measures the molecular weight of a compound (13.1A). 

The mass of the molecular ion (M) = the molecular weight of a compound. Except for isotope peaks at M + 1 and M + 2, the 
molecular ion has the highest mass in a mass spectrum (13.1A). 

The base peak is the tallest peak in a mass spectrum (13.1A). 

A compound with an odd number of N atoms gives an odd molecular ion. A compound with an even number of N atoms (including 
zero) gives an even molecular ion (13.1B). 

Organic monochlorides show two peaks for the molecular ion (M and M + 2) in a 3:1 ratio (13.2). 

Organic monobromides show two peaks for the molecular ion (M and M + 2) in a 1:1 ratio (13.2). 

The fragmentation of radical cations formed in a mass spectrometer gives lower molecular weight fragments, often characteristic of 
a functional group (13.3). 

High-resolution mass spectrometry gives the molecular formula of a compound (13.4A). 
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Electromagnetic Radiation (13.5) 


e The wavelength and frequency of electromagnetic radiation are inversely related by the following equations: À = c/v or v = c/À (13.5). 
e The energy of a photon is proportional to its frequency; the higher the frequency, the higher the energy: E = Av (13.5). 


infrared Spectroscopy (IR; 13.6 and 13.7) 


e Infrared spectroscopy identifies functional groups. 
e IR absorptions are reported in wavenumbers, ¥ = 1/2. 
e The functional group region from 4000-1500 cm is the most useful region of an IR spectrum. 
e C-H, O-H, and N-H bonds absorb at high frequency, > 2500 cm”. 
e As bond strength increases, the ¥ of absorption increases; thus, triple bonds absorb at higher ¥ than double bonds. 
C=C C=C 
~1650 cm”! ~2250 cm 


Increasing bond strength 
Increasing V 


The higher the percent s-character, the stronger the bond, and the higher the ¥ of an IR absorption. 


| / 
—¢-—i =C =C—H 
| \ 
H 
Csp3—H Csp2?—H Csp—H 
25% s-character 33% s-character 50% s-character 
3000-2850 cm“! 3150-3000 cm? 3300 cm7! 


O 


Increasing percent s-character 
Increasing Ÿ 


PROBLEMS L 


Problems Using Three-Dimensional Models 
13.22 What major IR absorptions are present above 1500 cm” for each compound? 


y $ op 
wh , “a” % 
a. -@ ® (OE b. Y @ 
J @ e) -3 S] v 
v w G 


13.23 The mass spectrum of the following compound shows fragments at m/z = 127, 113, and 85. Propose structures for the ions that 
give rise to these peaks. 


Mass Spectrometry 
13.24 What molecular ion is expected for each compound? 


Cl 
a. O b. c. d. pae S e. (CHg)4CCH(Br)CH(CH)> 
A 


13.25 Which compound gives a molecular ion at m/z = 122: CeH5CH2CH2CH3, CeHsCOCH2CH3, or CeHsOCHCH3? 
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13.26 Propose two molecular formulas for each molecular ion: (a) 102; (b) 98; (c) 119; (d) 74. 
13.27 Propose four possible structures for a hydrocarbon with a molecular ion at m/z = 112. 


13.28 Match each structure to its mass spectrum. 
100 


(8) - — 


4 g f — 
CHsCH,CHBr  CHa~CH-C g | miz =122 | 
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Cc 
0- 
90 100 110 
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Q o 
1S) Q 
(= Cc 
w oO 
xo} o =: 
c c 
2 =) 
S 50 S 50 
o v 
2 2 
5 & 
Q oO aj 
oc a 
0 0- 
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miz m/z 


13.29 Propose two possible structures for a hydrocarbon having an exact mass of 96.0939 that forms ethylcyclopentane upon 
hydrogenation with Hs and Pd-C. 


13.30 What cations are formed in the mass spectrometer by œ cleavage of each of the following compounds? 


13.31 For each compound, assign likely structures to the fragments at each m/z value, and explain how each fragment is formed. 
a. CgHs;CH2CH2OH: peaks at m/z = 104, 91 
b. CH2=C(CH3)CH2CH2OH: peaks at m/z = 71, 68, 41, 31 


13.32 Suppose you have two bottles, labeled ketone A and ketone B. You know that one bottle contains CH3CO(CH2)s;CH3 and one 
contains CH3CH2CO(CH2)4CH3, but you do not know which ketone is in which bottle. Ketone A gives a fragment at m/z = 99 
and ketone B gives a fragment at m/z = 113. What are the likely structures of ketones A and B from these fragmentation data? 


13.33 Propose a structure consistent with each set of data. 
a. a compound that contains a benzene ring and has a molecular ion at m/z = 107 
b. a hydrocarbon that contains only sp? hybridized carbons and a molecular ion at m/z = 84 
c. a compound that contains a carbonyl group and gives a molecular ion at m/z = 114 
d. acompound that contains C, H, N, and O and has an exact mass for the molecular ion at 101.0841 


13.34 A low-resolution mass spectrum of the neurotransmitter dopamine gave a molecular ion at m/z = 153. Two possible molecular 
formulas for this molecular ion are CgH;,;NO2 and C7H;;N;30. A high-resolution mass spectrum provided an exact mass at 
153.0680. Which of the possible molecular formulas is the correct one? 
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13.35 Can the exact mass obtained in a high-resolution mass spectrum distinguish between two isomers such as 
CH2= CHCHsCH2CH2CH 3 and (CH3)2C = CHCH2CH3? 


13.36 Primary (1°) alcohols often show a peak in their mass spectra at m/z = 31. Suggest a structure for this fragment. 


13.37 Like alcohols, ethers undergo «œ cleavage by breaking a carbon-carbon bond between an alkyl group and the carbon bonded 
to the ether oxygen atom; that is, the red C-C bond in R-CH,OR' is broken. With this in mind, propose structures for the 
fragments formed by a cleavage of (CH3)2>CHCH2OCH2CH3. Suggest a reason why an ether fragments by œ cleavage. 


Infrared Spectroscopy 
13.38 Which of the indicated bonds absorbs at higher ¥ in an IR spectrum? 


a. si or jii b. Dia or i i c. r or O 


13.39 What major IR absorptions are present above 1500 cm” for each compound? 


13.40 How would each of the following pairs of compounds differ in their IR spectra? 


OCH, $ 
a. O and HC=CCH,CH,CH, d. OCH; and JE 
CHa(CH2) “OCH; 


O 


O O 
i Il Il 
b. ZL and C . CH,C=CCH, and CHsCH,C=CH 
CHCH `OH CH5 OCH, Peg 3 aM 
? 
bs Een and CH4CH=CHCH,OH f. HC=CCH;N(CH>CH;)> and CH4(CH,)¢C=N 
CHCH “CH, 3 2 2N(CH2CH3)2 a(CH2)5 


13.41 Morphine, heroin, and oxycodone are three addicting analgesic narcotics. How could IR spectroscopy be used to distinguish 
these three compounds from each other? 


CH30. 
0. 
H OH \ 
CH; 
morphine heroin oxycodone 
13.42 Tell how IR spectroscopy could be used to determine when each reaction is complete. 
CH 
H2 [1] Os ps 
ea ie BPR JO ie" 3 = =. = O + O=C 
5 Pao ° [2] CHaSCH; \ 


OH 
? POC á à on [NH Pes 
: i [2] CHBr 5 
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13.43 Match each compound to its IR spectrum. 


(0) CH3 9 
g CH2=Q K j ocn Jo (CHg)s>CHOCH(CHs). č (CH3CH3)4COH 
CH3CH,CH,CH/ “OH `CHCHCH;CH; E 22 CHy MOC(CHas = 29 
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Combined Spectroscopy Problems 


13.44 


13.45 


13.46 


13.47 


13.48 


13.49 


13.50 


13.51 


13.52 


13.53 


Propose possible structures consistent with each set of data. Assume each compound has an sp? hybridized C-H absorption 
in its IR spectrum, and that other major IR absorptions above 1500 cm” are listed. 

a. a compound having a molecular ion at 72 and an absorption in its IR spectrum at 1725 cm"! 

b. a compound having a molecular ion at 55 and an absorption in its IR spectrum at ~2250 cm! 

c. a compound having a molecular ion of 74 and an absorption in its IR spectrum at 3600-3200 cm” 


A chiral hydrocarbon X exhibits a molecular ion at 82 in its mass spectrum. The IR spectrum of X shows peaks at 3300, 
3000-2850, and 2250 cm”. Propose a structure for X. 


A chiral compound Y has a strong absorption at 2970-2840 cm’ in its IR spectrum and gives the following mass spectrum. 
Propose a structure for Y. 

100- 
_| Mass spectrum of Y 


miz = 136, 138 


j KOKI | i a, a ee ee 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 | 
miz 


Relative abundance 
a 
oO 


Treatment of benzoic acid (CgHsCO2H) with NaOH followed by 1-iodo-3-methylbutane forms H. H has a molecular ion at 192 
and IR absorptions at 3064, 3035, 2960-2872, and 1721 cm™. Propose a structure for H. 


Treatment of benzaldehyde (CgHsCHO) with Zn(Hg) in aqueous HCI forms a compound Z that has a molecular ion at 92 in its 
mass spectrum. Z shows absorptions at 3150-2950, 1605, and 1496 cm” in its IR spectrum. Give a possible structure for Z. 


Reaction of tert-butyl pentyl ether [CH;CH2CH2CH2CH,0C(CHsg)3] with HBr forms 1-bromopentane (CHCH CH2CH2CH2Br)} and 
compound B. B has a molecular ion in its mass spectrum at 56 and gives peaks in its IR spectrum at 3150-3000, 3000-2850, 
and 1650 cm”. Propose a structure for B and draw a stepwise mechanism that accounts for its formation. 


Reaction of 2-methylpropanoic acid [(CH3)2CHCO2H] with SOCI, followed by 2-methyl-1-propanol forms X. X has a molecular 
ion at 144 and IR absorptions at 2965, 2940, and 1739 cm”. Propose a structure for X. 


Reaction of pentanoyl chloride (CH3CH2,CH2sCH2COC)) with lithium dimethyl cuprate [LiCu(CHg)2] forms a compound J that has a 
molecular ion in its mass spectrum at 100, as well as fragments at m/z = 85, 57, and 43 (base). The IR spectrum of J has strong 
peaks at 2962 and 1718 cm’. Propose a structure for J. 


Benzonitrile (CgHsCN) is reduced to two different products depending on the reducing agent used. Treatment with lithium 
aluminum hydride followed by water forms K, which has a molecular ion in its mass spectrum at 107 and the following IR 
absorptions: 3373, 3290, 3062, 2920, and 1600 cm”. Treatment with a milder reducing agent forms L, which has a molecular 
ion in its mass spectrum at 106 and the following IR absorptions: 3086, 2850, 2820, 2736, 1703, and 1600 cm”. L shows 
fragments in its mass spectrum at m/z = 105 and 77. Propose structures for K and L and explain how you arrived at your 
conclusions. 


Treatment of anisole (CH30C,Hs) with Cl. and FeCl forms P, which has peaks in its mass spectrum at m/z = 142 (M), 
144 (M + 2), 129, and 127. P has absorptions in its IR spectrum at 3096-2837 (several peaks), 1582, and 1494 cm™. Propose 
possible structures for P. 
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13.54 Reaction of BrCH,CH2zCHsCH2NH> with NaH forms compound W, which gives the IR and mass spectra shown below. Propose 
a structure for W and draw a stepwise mechanism that accounts for its formation. 


100 - 


Mass spectrum of W 


50 


Relative abundance 
% Transmittance 


0 10 20 30 40 50 60 70 80 90 100 4000 3500 3000 2500 2000 1500 1000 £500 
miz Wavenumber (cm7) 


Challenge Problems 


13.55 The carbonyl absorption of an amide typically occurs in the 1630-1680 cm” range, while the carbonyl absorption of an ester 
occurs at much higher wavenumber, typically 1735-1745 cm™. Account for this difference. 


13.56 Explain why a carbony! absorption shifts to lower frequency in an o,8-unsaturated carbonyl compound—a compound having a 
carbonyl group bonded directly to a carbon-carbon double bond. For example, the carbonyl absorption occurs at 1720 cm” for 
cyclohexanone, and at 1685 cm for 2-cyclohexenone. 


U= fe 


cyclohexanone 2-cyclohexenone 
(an o,,B-unsaturated 
carbonyl compound) 


13.57 Explain why a ketone carbonyl typically absorbs at a lower wavenumber than an aldehyde carbonyl (1715 versus 1730 em’), 


13.58 Oxidation of citronellol, a constituent of rose and geranium oils, with PCC in the presence of added NaOCOCH, forms 
compound A, A has a molecular ion in its mass spectrum at 154 and a strong peak in its IR spectrum at 1730 cm”, in addition 
to C-H stretching absorptions. Without added NaOCOCHs, oxidation of citronellol with PCC yields isopulegone, which is then 
converted to B with aqueous base. B has a molecular ion at 152, and a peak in its IR spectrum at 1680 cm" in addition to 
C-H stretching absorptions. 


PCC PCC -OH 
A ——— -—— —— B 
NaOCOCH ; H20 
OH O 
citronellol isopulegone 


a. Identify the structures of A and B. 
b. Draw a mechanism for the conversion of citronellol to isopulegone. 
c. Draw a mechanism for the conversion of isopulegone to B. 


14.1 


14.2 


14.3 


14.4 


14.5 


14.6 


14.7 


14.8 


14.9 


14.10 


14.11 
14.12 
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spectroscopy 

1H NMR: Number of 
signals 

1H NMR: Position of 
signals 

The chemical shift of 
protons on sp” and sp 
hybridized carbons 

1H NMR: Intensity of 
signals 

1H NMR: Spin-spin 
splitting 

More complex examples 
of splitting 

Spin-spin splitting in 
alkenes 

Other facts about 'H NMR 
spectroscopy 

Using 'H NMR to identify 
an unknown 

13C NMR spectroscopy 
Magnetic resonance 
imaging (MRI) 


Nuclear Magnetic Resonance 
Spectroscopy 


i. 


J 
‘ 
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Palau'amine is a complex natural product isolated from the sea sponge Stylotella agminata 
collected in the Pacific Ocean near the Republic of Palau. The initial structure proposed for 
palau'amine in 1993 was revised in 2007 using a variety of modern spectroscopic techniques, 
including nuclear magnetic resonance spectroscopy. The dense array of functional groups 
in palau'amine and its antitumor and immunosuppressive properties attracted the attention 
of dozens of organic chemists, leading to its total synthesis in the laboratory in early 2010. In 
Chapter 14, we learn how nuclear magnetic resonance spectroscopy plays a key role in struc- 
ture determination. 


14.1 


14.1A 
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in Chapter 14 we continue our study of organic structure determination by learning about 
nuclear magnetic resonance (NMR) spectroscopy. NMR spectroscopy is the most powerful 
tool for characterizing organic molecules, because it can be used to identify the carbon—-hydrogen 
framework in a compound, 


An Introduction to NMR Spectroscopy 


Two common types of NMR spectroscopy are used to characterize organic structure: 


e 'H NMR (proton NMR) is used to determine the number and type of hydrogen atoms in a 
molecule; and 
e 1C NMR (carbon NMR) is used to determine the type of carbon atoms in a molecule. 


Before you can learn how to use NMR spectroscopy to determine the structure of a compound, 
you need to understand a bit about the physics behind it. Keep in mind, though, that NMR 
stems from the same basic principle as all other forms of spectroscopy. Energy interacts with a 
molecule, and absorptions occur only when the incident energy matches the energy difference 
between two states. 


The Basis of NMR Spectroscopy 


The source of energy in NMR is radio waves. Radiation in the radiofrequency region of the elec- 
tromagnetic spectrum (so-called RF radiation) has very long wavelengths, so its corresponding 
frequency and energy are both low. When these low-energy radio waves interact with a molecule, 
they can change the nuclear spins of some elements, including H and °C. 


When a charged particle such as a proton spins on its axis, it creates a magnetic field. For the 
purpose of this discussion, therefore, a nucleus is a tiny bar magnet, symbolized by t. Normally 
these nuclear magnets are randomly oriented in space, but in the presence of an external mag- 
netic field, Bọ, they are oriented with or against this applied field. More nuclei are oriented with 
the applied field because this arrangement is lower in energy, but the energy difference between 
these two states is very small (< 0.4 J/mol). 


A spinning proton With no external magnetic field... In a magnetic field... 
creates a magnetic field. $ | 4 n 
| t Og 
\ | ~ t | T 
a Ldt N ld t i l, 
Fad { at T 
á | 
By 
The nuclear magnets are The nuclear magnets are 
randomly oriented. oriented with or against B,. 


In a magnetic field, there are now two different energy states for a proton: 

¢ In the lower energy state the nucleus is aligned in the same direction as By. 

e In the higher energy state the nucleus is aligned opposed to Bo. 
When an external energy source (Av) that matches the energy difference (AE) between these two 
states is applied, energy is absorbed, causing the nucleus to “spin flip” from one orientation 


to another. The energy difference between these two nuclear spin states corresponds to the low- 
frequency radiation in the RF region of the electromagnetic spectrum. 


Absorbing RF radiation causes 
the nucleus to spin flip. 


| 
—,— higher energy state 


hy 


AE —> 


lower energy state —> =g- ny 
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e A nucleus is in resonance when it absorbs RF radiation and “spin flips” to a higher 
energy state. 


Thus, two variables characterize NMR: 


e An applied magnetic field, By. Magnetic field strength is measured in tesla (T). 


e The frequency v of radiation used for resonance, measured in hertz (Hz) or megahertz 
(MHz); (1 MHz = 10° Hz). 


The frequency needed for resonance and the applied magnetic field strength are proportionally 
related: 


jee wee 


e The stronger the magnetic field, the larger the energy difference between the two 
nuclear spin states, and the higher the v needed for resonance. 


Early NMR spectrometers used a magnetic field strength of ~1.4 T, which required RF radiation 
NMR spectrometers are 1 p E A q 
p of 60 MHz for resonance. Modern NMR spectrometers use stronger magnets, thus requiring 
referred to as 300 MHz p 8 £ q 
instruments. 600 MHz higher frequencies of RF radiation for resonance. For example, a magnetic field strength of 7.05 T 
instrui ants. andso taithi requires a frequency of 300 MHz for a proton to be in resonance. These spectrometers use very 
powerful magnetic fields to create a small, but measurable energy difference between the two pos- 


depending on the frequency à : è f eas 
of RF radiation used for sible spin states. A schematic of an NMR spectrometer is shown in Figure 14.1. 


aes. If all protons absorbed at the same frequency in a given magnetic field, the spectra of all com- 


pounds would consist of a single absorption, rendering NMR useless for structure determination. 
Fortunately, however, this is not the case. 


Figure 14.1 Schematic of an NMR spectrometer 


The sample is dissolved in 
solvent in a thin NMR tube, 
and placed in a magnetic field. 


_NMR spectrum 


— | 


superconducting 
magnet 


NMR console 
workstation 


| In the NMR probe, the sample is rotated 
in a magnetic field and irradiated with a 
_ short pulse of RF radiation. 


An NMR spectrometer. The sample is dissolved in a solvent, usually CDCl (deuterochloroform), and placed in a magnetic field. A 
radiofrequency generator then irradiates the sample with a short pulse of radiation, causing resonance. When the nuclei fall back to their 
lower energy state, the detector measures the energy released, and a spectrum is recorded. The superconducting magnets in modern 
NMR spectrometers have coils that are cooled in liquid helium and conduct electricity with essentially no resistance. 


14.1B 


Intensity 


“8 scale 
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e All protons do not absorb at the same frequency. Protons in different environments 
absorb at slightly different frequencies, and so they are distinguishable by NMR. 


The frequency at which a particular proton absorbs is determined by its electronic environment, 
as discussed in Section 14.3. Because electrons are moving charged particles, they create a 
magnetic field opposed to the applied field Bọ, and the size of the magnetic field generated by 
the electrons around a proton determines where it absorbs. Modern NMR spectrometers use a 
constant magnetic field strength Bo, and then a narrow range of frequencies is applied to achieve 
the resonance of all protons. 


Only nuclei that contain odd mass numbers (such as Gg, VE DR and ? 1P) or odd atomic num- 
bers (such as °H and '“N) give rise to NMR signals. Because both 'H and °C, the less abundant 
isotope of carbon, are NMR active, NMR allows us to map the carbon and hydrogen framework 
of an organic molecule. 


A'HNMR Spectrum 


An NMR spectrum plots the intensity of a signal against its chemical shift measured in parts 
per million (ppm). The common scale of chemical shifts is called the ô (delta) scale. The proton 
NMR spectrum of tert-butyl methyl ether [CH3;0C(CH3)3] illustrates several important features: 


Sample H NMR spectrum 
CH;0C(CHs)3 


downfield upfield 
direction direction 


TMS 
reference 


or -—— 


a a) 


tert-Butyl methyl ether (MTBE) 
is the high-octane gasoline 
additive that has contaminated 
the water supply in some areas 
(Section 3.4). 


(CHs)4Si 
tetramethylsilane 
TMS 


Increasing chemical shift 
Increasing v 

e NMR absorptions generally appear as sharp signals. The 'H NMR spectrum of CH;0C(CH3)3 
consists of two signals: a tall peak at 1.2 ppm due to the (CH3)3;C— group, and a smaller peak 
at 3.2 ppm due to the CH;0- group. 

e Increasing chemical shift is plotted from right to left. Most protons absorb somewhere 
from 0-12 ppm. 

e The terms upfield and downfield describe the relative location of signals. Upfield means to 
the right. The (CH3)3C— peak is upfield from the CHO- peak. Downfield means to the left. 
The CH30- peak is downfield from the (CH3);C — peak. 


NMR absorptions are measured relative to the position of a reference signal at 0 ppm on the 6 
scale due to tetramethylsilane (TMS). TMS is a volatile and inert compound that gives a single 
peak upfield from other typical NMR absorptions. 
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Although chemical shifts are 
measured relative to the TMS 
signal at 0 ppm, this reference 
is often not plotted on a 
spectrum. 

The positive direction of the 

ô scale is downfield from 

TMS. A very small number of 
absorptions occur upfield from 
the TMS signal, which is defined 


as the negative direction of the 
5 scale. (See Problem 14.76.) 


Sample Problem 14.1 


Problem 14.1 


Problem 14.2 


14.2 


14.2A 


The chemical shift on the x axis gives the position of an NMR signal, measured in ppm, accord- 
ing to the following equation: 


chemical shift observed chemical shift (in Hz) downfield from TMS 


(in ppm on the ô scale) ~ v of the NMR spectrometer (in MHz) 


A chemical shift gives absorptions as a fraction of the NMR operating frequency, making it inde- 
pendent of the spectrometer used to record a spectrum. Because the frequency of the radiation 
required for resonance is proportional to the strength of the applied magnetic field, By, reporting 
NMR absorptions in frequency is meaningless unless the value of Bọ is also reported. By report- 
ing the absorption as a fraction of the NMR operating frequency, though, we get units—ppm— 
that are independent of the spectrometer. 


Calculate the chemical shift of an absorption that occurs at 1500 Hz downfield from TMS using a 
300 MHz NMR spectrometer. 


Solution 
Use the equation that defines the chemical shift in ppm: 


1500 Hz downfield from TMS 
chemical shift = ————_\—————————_ = 5ppm 


300 MHz operating frequency 


The 'H NMR spectrum of CH3OH recorded on a 500 MHz NMR spectrometer consists of two 
signals, one due to the CHa protons at 1715 Hz and one due to the OH proton at 1830 Hz, both 
measured downfield from TMS. (a) Calculate the chemical shift of each absorption. (b) Do the CHa 
protons absorb upfield or downfield from the OH proton? 


The 'H NMR spectrum of 1,2-dimethoxyethane (CH;0CH2CH,OCH,) recorded on a 300 MHz 
NMR spectrometer consists of signals at 1017 Hz and 1065 Hz downfield from TMS. (a) Calculate 
the chemical shift of each absorption. (b) At what frequency would each absorption occur if the 
spectrum were recorded on a 500 MHz NMR spectrometer? 


Four different features of a 'H NMR spectrum provide information about a compound’s structure: 


[1] Number of signals (Section 14.2) 

[2] Position of signals (Sections 14.3 and 14.4) 

[3] Intensity of signals (Section 14.5) 

[4] Spin-spin splitting of signals (Sections 14.6—-14.8) 


'H NMR: Number of Signals 


How many 'H NMR signals does a compound exhibit? The number of NMR signals equals 
the number of different types of protons in a compound. 


General Principles 


e Protons in different environments give different NMR signals. Equivalent protons give 
the same NMR signal. 


In many compounds, deciding whether two protons are in identical or different environments is 
intuitive. 


Any CH, group is different 
from any CH, group, which 
is different from any CH 
group in a molecule. Two CH, 
groups may be identical (as 

in CHOCH») or different (as 

in CH3OCH2CHs3), depending 
on what each CHa group is 
bonded to. 


tert-Butyl methyl ether 
[CH3OC(CHs)s3] (Section 14.1) 
exhibits two NMR signals 
because it contains two different 
kinds of protons: one CH; group 
is bonded to -OC(CHg)s, 
whereas the other three CH3 
groups are each bonded to the 
same group, [—C(CH3)2]OCH3. 


Sample Problem 14.2 


Problem 14.3 


Figure 14.2 


The number of 'H NMR signals 
of some representative 
organic compounds 
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Os O-OH CH5CH>—Cl CH,-O-CH,CH, 
Ha Ha Ha Hp Ha Hp Ho 


All equivalent H's 
1 NMR signal 


2 types of H’s 
2 NMR signals 


3 types of H’s 
3 NMR signals 


¢ CHOCH;: Each CH; group is bonded to the same group (-OCH;3), making both CH; 
groups equivalent. 


e CH;CH,C1: The protons of the CH; group are different from those of the CH, group. 


e CH;0CH,CH;: The protons of the CH, group are different from those in each CH; group. 
The two CH; groups are also different from each other; one CH; group is bonded to 
—OCH,CH; and the other is bonded to -CH,OCH3. 


In some cases, it is less obvious by inspection if two protons are equivalent or different. To rigor- 
ously determine whether two protons are in identical environments (and therefore give rise to 
one NMR signal), replace each H atom in question by another atom Z (for example, Z = Cl). If 
substitution by Z yields the same compound or enantiomers, the two protons are equivalent, as 
shown in Sample Problem 14.2. 


How many different kinds of H atoms does CH3CH2CH2CH2CH; contain? 


Solution 

In comparing two H atoms, replace each H by Z (for example, Z = Cl), and examine the 
substitution products that result. The two CH groups are identical because substitution of one H 
by Cl gives CH3CHsCH2CH2CH,Cl (1-chloropentane). There are two different types of CH; groups, 
because substitution of one H by CI gives two different products: 


Hp i 
CH3CH2CHCH;CHs  CHyCHCH,CH,CH, — CHgCH;CHCH,CHg CHgCHCH,CH,CH, 
= Cl Cl t t Í 
different H's | Ha H Ha 


2-chloropentane 3-chloropentane 


different products 


Thus, CH3CH2CH2CH2CHs has three different types of protons and gives three NMR signals. 


Figure 14.2 gives the number of NMR signals exhibited by four additional molecules. All protons— 
not just protons bonded to carbon atoms—give rise to NMR signals. Ethanol (CH;CH,OH), for 
example, gives three NMR signals, one of which is due to its OH proton. 


How many 'H NMR signals does each compound show? 


a. CH3CH 3 C. CHCH2CH2CH3 e. CH3CH2CO2CH2CH3 g. CH3(CH2}CI 
b. CH3CH2CH3 d. (CH3)2CHCH(CH3)2 f. CHOCH2CH(CH3)2 h. CH3CH2CH20OH 
? 
CICH CHCI bia a CH mat baa. 
3 3 
t 

Ha Ha Hp He Ha Hp Ha Hp He 
1 type of H 3 types of H’s 2 types of H's 3 types of H’s 
1 NMR signal 3 NMR signals 2 NMR signals 3 NMR signals 
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14.2B Determining Equivalent Protons in Alkenes and Cycloalkanes 


To determine equivalent protons in cycloalkanes and alkenes that have restricted bond rotation, 
always draw in all bonds to hydrogen. 


H y ol cl H 
D NOT D t= NOT CICH=CH 
raw ġ r H Pa raw t D’ =CH2 


Then, in comparing two H atoms on a ring or double bond, two protons are equivalent only if 
they are cis (or trans) to the same groups, as illustrated with 1,1-dichloroethylene, 1-bromo-1- 
chloroethylene, and chloroethylene. 


ot | Eil cistoc CI | Ha j*cis to CI CI | Hp |— cis to CI 
‘| \ M- \. JF 
pq PS. E 
Ci H |+-cis to Cl Br Hy |+ cis to Br Ha | He |*-cis to Ha 
1,1-dichloroethylene 1-bromo-1-chloroethylene chloroethylene 
1 type of H 2 types of H’s 3 types of H’s 
1 NMR signal 2 NMR signals 3 NMR signals 


e 1,1-Dichloroethylene: The two H atoms on the C=C are both cis to a Cl atom. Thus, both 
H atoms are equivalent. 

e 1-Bromo-1-chloroethylene: H, is cis to a Cl atom and H, is cis to a Br atom. Thus, H, and 
H, are different, giving rise to two NMR signals. 

e Chloroethylene: H, is bonded to the carbon with the Cl atom, making it different from H, and 
H.. Of the remaining two H atoms, H; is cis to a Cl atom and H, is cis to a H atom, making 
them different. All three H atoms in this compound are different. 


Proton equivalency in cycloalkanes can be determined similarly. 


H y H H y G 


H H aH H=-H, 
H 


cyclopropane chlorocyclopropane 
All H's are equivalent. 3 types of H’s 
1 NMR signal 3 NMR signals 


e Cyclopropane: All H atoms are equivalent, so there is only one NMR signal. 


e Chlorocyclopropane: There are now three kinds of H atoms: H, is bonded to a carbon bonded 
to a Cl; both H, protons are cis to the Cl whereas both H, protons are cis to another H. 


Problem 14.4 How many 'H NMR signals does each dimethylcyclopropane show? 


a. P< Shs b. ohh. c. A 
CHa CH CH, CH3 CHa 


14.2C Enantiotopic and Diastereotopic Protons 


Let’s look more closely at the protons of a single sp? hybridized CH, group to determine 
whether these two protons are always equivalent to each other. Two examples illustrate dif- 
ferent outcomes. 


CH3CH;Br has two different types of protons—those of the CH; group and those of the CH, 
group—meaning that the two H atoms of the CH) group are equivalent to each other. To confirm 
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this fact, we replace each H of the CH, group by an atom Z and examine the products of substi- 
tution. In this case, substitution of each H by Z creates a new stereogenic center, forming two 
products that are enantiomers. 


substitution of Ha substitution of Hp 
B 
ia Ho ‘i ig 
Cig, aeir Oiu Cu, 
CHS Nr substitution cH Nb t cHy NZ 


Ha 


Nha of H by Z | 
H, and H, are enantiotopic. enantiomers | 


e When substitution of two H atoms by Z forms enantiomers, the two H atoms are 
equivalent and give a single NMR signal. These two H atoms are called enantiotopic 
protons. 


In contrast, the two H atoms of the CH, group in (2R)-2-chlorobutane, which contains one 
stereogenic center, are not equivalent to each other. Substitution of each H by Z forms two dia- 
stereomers, and thus, these two H atoms give different NMR signals. 


substitution of Ha substitution of Hp 
jA q ji 
Ës Oth ee As, Ex CH, 
CH; 18) substitution CH; C CH3 C 
d- of H by Z {: fz 
Ha Hp Z Hp Ha Z 


(2R)-2-chlorobutane n i 
diastereomers - 


Ha and H, are diastereotopic. 


e When substitution of two H atoms by Z forms diastereomers, the two H atoms are not 
equivalent, and give two NMR signals. These two H atoms are called diastereotopic 
protons. 


Sample Problem 14.3 Label the protons in each indicated CH; group as enantiotopic, diastereotopic, or neither. 
a. LAL b. 7a 4 e AnA 


Solution 

To determine equivalency in these cases, look for whether the compound has a stereogenic center 

to begin with and whether a new stereogenic center is formed when H is replaced by Z. 

a. The compound is achiral and has no stereogenic center. Since no new stereogenic center is 
formed on substitution of H by Z, the protons are neither enantiotopic nor diastereotopic. The 
H’s within the CH; group are equivalent to each other and give one NMR signal. 


neither 


| z 
Aat Replace H by Z. A as 


achiral compound no new stereogenic center 
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Problem 14.5 


Problem 14.6 


14.3 


14.3A 


b. The compound is achiral and has no stereogenic center. Since a new stereogenic center is 
formed on substitution of H by Z, the protons are enantiotopic. The H’s within the CH, group 
are equivalent to each other and give one NMR signal. 


new stereogenic center 
Replace H by Z. ALM 
—--------- > 


Z 


p 


enantiotopic 


c. The compound has one stereogenic center to begin with. Since a new stereogenic center is 
formed on substitution of H by Z, the protons are diastereotopic. The H’s within the CH; group 
are different from each other and give different NMR signals. 


stereogenic center new stereogenic center 
-Á {ŘŘÁ > 
| z 


diastereotopic 


Label the protons in each indicated CH3 group as enantiotopic, diastereotopic, or neither. 
a. CH4CH2CHCH2CH;CH3 b. CH3CH2CH2CH2CH3 c. CHgCH(OH)CH2CH2CH3 


How many H NMR signals would you expect for each compound: (a) CH3;CH(Cl)CH2CH;; 
(b) CICHsCH(CH3)OCH3; (c) CH3CH(Br)CH2zCHsCH3? 


'H NMR: Position of Signals 


In the NMR spectrum of tert-butyl methyl ether in Section 14.1B, why does the CH,;0- group 
absorb downfield from the —C(CH3)3 group? 


e Where a particular proton absorbs depends on its electronic environment. 


Shielding and Deshielding Effects 


To understand how the electronic environment around a nucleus affects its chemical shift, recall 
that in a magnetic field, an electron creates a small magnetic field that opposes the applied mag- 
netic field, By. Electrons are said to shield the nucleus from By. 


ae 7] A proton surrounded | 
_An isolated proton | by electron density 


pa magnetic field induced 
A by the electron 
t (opposite to By) 
nucleus 


0 By 


The nucleus “feels” By only. The induced field decreases the strength 
of the magnetic field “felt” by the nucleus. 
This nucleus is shielded. 


In the vicinity of the nucleus, therefore, the magnetic field generated by the circulating electron 
decreases the external magnetic field that the proton “feels.” Because the proton experiences a 
lower magnetic field strength, it needs a lower frequency to achieve resonance. Lower frequency 
is to the right in an NMR spectrum, toward lower chemical shift, so shielding shifts an absorp- 
tion upfield, as shown in Figure 14.3a. 


What happens if the electron density around a nucleus is decreased, instead? For example, how 
do the chemical shifts of the protons in CH, and CH3Cl compare? 
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Figure 14.3 How chemical shift is affected by electron density around a nucleus 


a. Shielding effects b. Deshielding effects 
e Anelectron shields the nucleus. e Decreased electron density deshields a nucleus. 
e The absorption shifts upfield. e The absorption shifts downfield. 


proton proton + electron CH,Cl CH, 


| upfield | downfleld 


— sf 


>? a 
Increasing chemical shift Increasing chemical shift 
Increasing v Increasing v 


The less shielded the nucleus becomes, the more of the applied magnetic field (Bg) it feels. This 
deshielded nucleus experiences a higher magnetic field strength, so it needs a higher frequency to 
achieve resonance. Higher frequency is to the left in an NMR spectrum, toward higher chemical 
shift, so deshielding shifts an absorption downfield, as shown in Figure 14.3b for CH,Cl ver- 
sus CH4. The electronegative Cl atom withdraws electron density from the carbon and hydrogen 
atoms in CHCl, thus deshielding them relative to those in CH4. 


s Protons near electronegative atoms are deshielded, so they absorb downfield. 


Remember the trend: 

Decreased electron density 
deshields a nucleus and an Figure 14.4 summarizes the effects of shielding and deshielding. 
absorption moves downfield. 


These electron density arguments explain the relative position of NMR signals in many compounds. 


GHaGHC ¢ The H, protons are deshielded because they are closer to the electronegative 


Ha Hp CI atom, so they absorb downfield from H,. 


BCH Gr e Because F is more electronegative than Br, the H, protons are more 


Ha Hp deshielded than the H, protons and absorb farther downfield. 


Goes e The larger number of electronegative Cl atoms (two versus one) deshields H, 


H. H more than H,, so it absorbs downfield from H4. 
a b 


Figure 14.4 | A shleided nucleus | 


Shielding and deshielding 


effects 
The nucleus “feels” The nucleus “feels” 
a smaller resultant field. a larger resultant field. 


g- a larger induced magnetic field ¿<a smaller induced magnetic field 
Bo By 
e As the electron density around the nucleus e As the electron density around the 
increases, the nucleus feels a smaller nucleus decreases, the nucleus feels a 
resultant magnetic field, so a lower larger resultant magnetic field, so a higher 
frequency is needed to achieve resonance. frequency is needed to achieve resonance. 


e The absorption shifts upfield. e The absorption shifts downfield. 
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Sample Problem 14.4 Which of the underlined protons in each pair absorbs farther downfield: (a) CH3CH»CHs or 


Problem 14.7 


14.3B 


A more detailed list of 
characteristic chemical shift 
values is found in Appendix F. 


CH30CHs; (b) CH3OCH3 or CH3SCH 3? 


Solution 

a. The CH3 group in CHOCH; is deshielded by the electronegative O atom. Deshielding shifts 
the absorption downfield. 

b. Because oxygen is more electronegative than sulfur, the CH3 group in CHOCH; is more 
deshielded and absorbs downfield. 


For each compound, which of the underlined protons absorbs farther downfield: 
(a) FCHəCH2CH2Cl; (b) CH3CH2,CH,CH20CHsg; (c) CH30C(CH)3? 


Chemical Shift Values 


Not only is the relative position of NMR absorptions predictable, but it is also possible to predict 
the approximate chemical shift value for a given type of proton. 


e Protons in a given environment absorb in a predictable region in an NMR spectrum. 


Table 14.1 lists the typical chemical shift values for the most common bonds encountered in 
organic molecules. 


Table 14.1 also illustrates that absorptions for a given type of C-H bond occur in a narrow range 
of chemical shift values, usually 1-2 ppm. For example, all sp* hybridized C-H bonds in alkanes 
and cycloalkanes absorb between 0.9 and 2.0 ppm. By contrast, absorptions due to N-H and 
O-H protons can occur over a broader range. For example, the OH proton of an alcohol is found 
anywhere in the 1-5 ppm range. The position of these absorptions is affected by the extent of 
hydrogen bonding, making it more variable. 


Table 14.1 Characteristic Chemical Shifts of Common Types of Protons wy" vga 


Chemical shift Chemical shift 


Type of proton {ppm} Type of proton {ppm} 
H 
| k g 
FEH 0.9-2 C=C 4.5-6 
sp? | Lf X 
e RCH, ~0.9 
© RCH; ~1.3 Cp 6.5-8 
e RCH ~1.7 
s | 
"C-C-H 1.5-2.5 i 
/ | p:a 9-10 
R H 
Z=C,0,N 
—C=C-H ~25 - 10-12 
R^ “OH 
| 
—0-H 2.5-4 
sp 2 RO-H or R-N-H 1-5 


Problem 14.8 


14.4 
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The chemical shift of a particular type of C—H bond is also affected by the number of R groups 
bonded to the carbon atom. 


RCH —H RCH—H R3C—H 
~ 0.9 ppm ~ 1.3 ppm ~ 1.7 ppm 


Increasing alkyl substitution 
Increasing chemical shift 


e The chemical shift of a C-H bond increases with increasing alkyl substitution. 


For each compound, first label each different type of proton and then rank the protons in order of 
increasing chemical shift. 


(0) 
II 


3 ; k C. 
a. CICH»CH,CH.Br b. CHsOCH,OC(CHs)3 G aes 


The Chemical Shift of Protons on sp? and sp 
Hybridized Carbons 


The chemical shift of protons bonded to benzene rings, C—C double bonds, and C-C triple 
bonds merits additional comment. 


Me 


7.3 ppm 4.5-6 ppm 2.5 ppm 


Each of these functional groups contains m bonds with loosely held x electrons. When placed in 
a magnetic field, these 7 electrons move in a circular path, inducing a new magnetic field. How 
this induced magnetic field affects the chemical shift of a proton depends on the direction of the 
induced field in the vicinity of the absorbing proton. 


Protons on Benzene Rings 


In a magnetic field, the six m electrons in benzene circulate around the ring, creating a ring 
current. The magnetic field induced by these moving electrons reinforces the applied mag- 
netic field in the vicinity of the protons. The protons thus feel a stronger magnetic field and a 
higher frequency is needed for resonance, so the protons are deshielded and the absorption 
is downfield. 


The circulating 7 electrons 
create a ring current. 


The induced magnetic field reinforces the 
teen external field 5, in the vicinity of the protons. 


B 4 4 The protons are deshielded. 
The absorption Is downfield at 6.5-8 ppm. 


induced magnetic field 
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Protons on Carbon-Carbon Double Bonds 


A similar phenomenon occurs with protons on carbon-carbon double bonds. In a magnetic field, 
the loosely held x electrons create a magnetic field that reinforces the applied field in the vicin- 
ity of the protons. Because the protons now feel a stronger magnetic field, they require a higher 
frequency for resonance. The protons are deshielded and the absorption is downfield. 


Á 


f > 
The induced magnetic field reinforces the 
a = external field B) in the E of the protons. | 
B; “ox. sacked The E are deshielded. 
NNSA The absorption is downfield at 4.5-6 ppm. 


Protons on Carbon-Carbon Triple Bonds 


In a magnetic field, the 7 electrons of a carbon-carbon triple bond are induced to circulate, but 
in this case the induced magnetic field opposes the applied magnetic field (By). The proton thus 
feels a weaker magnetic field, so a lower frequency is needed for resonance. The nucleus is 


shielded and the absorption is upfield. 
The induced magnetic field opposes the 
external field 8, in the vicinity of the proton. 
| —EEE————— 
sings i y The proton is shlelded. 
4 S a The absorption is upfield at ~2.5 ppm. 
a 


1 |] 
' t 
i I 


Sy M 


B; Binduced R induced 


Table 14.2 summarizes the shielding and deshielding effects due to circulating 7 electrons, 


Table 14.2 Effect of x Electrons o on 1 Chemical Shift Values q 
Proton t type Effect Chemical shift (ppm) 


ox highly deshielded 6.5-8 


C=C deshielded 4.5-6 
/ u 
—C=C—H shielded ~2.5 


To remember the chemical shifts of some common bond types, it is helpful to think of a 'H NMR 
spectrum as being divided into six different regions (Figure 14.5). 


Figure 14.5 


Regions in the 'H NMR 
spectrum 


Sample Problem 14.5 


Problem 14.9 


14.5 
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4.5 


chemical shift (ppm) 


e Shielded protons absorb at lower chemical shift (to the right). 
e Deshielded protons absorb at higher chemical shift (to the left). 
e Note: The drawn chemical shift scale is not linear. 


Rank Ha, Hp, and He in order of increasing chemical shift. 
H,—>H 
C=CHz 
CH3CH,0 
ok? 
Ha Hp 


Solution 

The H; protons are bonded to an sp? hybridized carbon, so they are shielded and absorb upfield 
compared to H, and He. Because the H, protons are deshielded by the electronegative oxygen 
atom on the C to which they are bonded, they absorb downfield from Ha. The He proton is 
deshielded by two factors. The electronegative O atom withdraws electron density from He. 
Moreover, because H, is bonded directly to a C=C, the magnetic field induced by the n electrons 
causes further deshielding. Thus, in order of increasing chemical shift, Ha < Hp < He. 


Rank each group of protons in order of increasing chemical shift. 
a. eireag iai ls 


Ha Hp He 


'H NMR: Intensity of Signals 


The relative intensity of 'H NMR signals also provides information about a compound’s structure. 
e The area under an NMR signal is proportional to the number of absorbing protons. 


For example, in the 'H NMR spectrum of CH;0C(CH;)3, the ratio of the area under the down- 
field peak (due to the CH;0- group) to the upfield peak [due to the —C(CH3)3 group] is 1:3. An 
NMR spectrometer automatically integrates the area under the peaks, and prints out a stepped 
curve (an integral) on the spectrum. The height of each step is proportional to the area under 
the peak, which is in turn proportional to the number of absorbing protons. 
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| NMR integration | 


CH,OC(CHs)3 


10 9 8 4 6 5 4 3 2 1 0 
chemical shift (ppm) 


Integrals can be manually measured, but modern NMR spectrometers automatically calculate and 
plot the value of each integral in arbitrary units. If the heights of two integrals are 20 units and 
60 units, the ratio of absorbing protons is 20:60, or 1:3, or 2:6, or 3:9, and so forth. This tells the 
ratio, not the absolute number of protons. Integration ratios are approximate, and often values 
must be rounded to the nearest whole number. 


Problem 14.10 Which compounds give a 'H NMR spectrum with two signals in a ratio of 2:3? 
a. CH3CH,Cl b. CH3CH2CH3 Cc. CH3CH2z0CH2CH3 d. CH3gO0CH2CH20CH3 


Knowing the molecular formula of a compound and integration values from its 'H NMR spectrum 
gives the actual number of protons responsible for a particular signal. 


How To Determine the Number of Protons Giving Rise to an NMR Signal 


Example A compound of molecular formula CgH, 902 gives the following integrated 'H NMR spectrum. How many protons 
give rise to each signal? 


—Continued 


How To, continued» 
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Step[1] Determine the number of integration units per proton by dividing the total number of integration units by the 
total number of protons. 


¢ Total number of integration units: 54 + 23 + 33 = 110 units 
e Total number of protons = 10 
e Divide: 110 units/10 protons = 11 units per proton 


Step[2] Determine the number of protons giving rise to each signal. 


® To determine the number of H atoms giving rise to each signal, divide each integration value by the answer of Step [1] 
and round to the nearest whole number. 


Answer: = = 49 = 5H £ = 21 = 2H 


Problem 14.11 


Problem 14.12 


14.6 


To understand spin-spin 
splitting, we must distinguish 
between the absorbing 
protons that give rise to an 
NMR signal, and the adjacent 
protons that cause the signal to 
split. The number of adjacent 
protons determines the 
observed splitting pattern. 


Signal [A]: Signal [B]: Signal [C]: 
3H 


a 
11 11 11 


A compound of molecular formula CgH;402 gives three NMR signals having the indicated 
integration values: signal [A] 14 units, signal [B] 12 units, and signal [C] 44 units. How many protons 
give rise to each signal? 


Compound A exhibits two signals in its 'H NMR spectrum at 2.64 and 3.69 ppm and the ratio 
of the absorbing signals is 2:3. Compound B exhibits two signals in its 'H NMR spectrum at 
2.09 and 4.27 ppm and the ratio of the absorbing signals is 3:2. Which compound corresponds 
to CHs02.CCH2CH2CO2CH3 (dimethyl succinate) and which compound corresponds to 
CH3CO2CH2CH202CCH; (ethylene diacetate)? 


'H NMR: Spin-Spin Splitting 


The 'H NMR spectra you have seen up to this point have been limited to one or more single 
absorptions called singlets. In the 'H NMR spectrum of BrCH,CHBr, however, the two signals 
for the two different kinds of protons are each split into more than one peak. The splitting pat- 
terns, the result of spin-spin splitting, can be used to determine how many protons reside on the 
carbon atoms near the absorbing proton. 


| BrCH,CHBrp 
L -—_ —_ 7 
| two peaks 
doublet 


three peaks 
triplet 


= 


ppm 
e The CH; signal appears as two peaks, called a doublet. The relative area under the peaks of 
a doublet is 1:1. 


¢ The CH signal appears as three peaks, called a triplet. The relative area under the peaks of 
a triplet is 1:2:1. 
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14.6A 


Keep in mind the difference 
between an NMR signal and 
an NMR peak. An NMR signal 
is the entire absorption due 

to a particular kind of proton. 
NMR peaks are contained 
within a signal. A doublet 
constitutes one signal that is 
split into two peaks. 


coupling constant, J, in Hz 


H 


14.6B 


Spin-spin splitting occurs between nonequivalent protons on the same carbon or adjacent 
carbons. To illustrate how spin-spin splitting arises, we’ll examine nonequivalent protons on 
adjacent carbons, the more common example. Spin-spin splitting arises because protons are 
little magnets that can be aligned with or against an applied magnetic field, and this affects the 
magnetic field that a nearby proton feels. 


Splitting: How a Doublet Arises 


First, let’s examine how the doublet due to the CH, group in BrCH,CHBry arises. The CH, group 
contains the absorbing protons and the CH group contains the adjacent proton that causes the splitting. 


absorbing H's 


This H can be aligned 


He= 1 adacenth with (+) or against (4) By. 


| 
BrCH)—C-Br 


Br 


When placed in an applied magnetic field (Bo), the adjacent proton (CHBr) can be aligned with (1) or 
against (L) Bo. As a result, the absorbing protons (CH,Br) feel two slightly different magnetic fields— 
one slightly larger than Bp and one slightly smaller than By. Because the absorbing protons feel two 
different magnetic fields, they absorb at two different frequencies in the NMR spectrum, thus splitting 


a single absorption into a doublet. 
How a doublet arises 


With no adjacent H's: | 
B 


The absorbing H's feel only | —> 
one magnetic field. 


d 


ly uo 
into a doublet. 

$ 4 

By By 1:1 


two different 
magnetic fields 


The NMR signal is 
a single peak. 


o 


With one adjacent H: 
The absorbing H’s feel two different fields, - 


so they absorb at two different frequencies. 


e One adjacent proton splits an NMR signal into a doublet. 


The two peaks of a doublet are approximately equal in area. The area under both peaks—the 
entire NMR signal—is due to both protons of the CH, group of BrCH;CHBry. 


The frequency difference (measured in Hz) between the two peaks of the doublet is called the 
coupling constant, denoted by J. Coupling constants are usually in the range of 0-18 Hz, and 
are independent of the strength of the applied magnetic field Bo. 


Splitting: How a Triplet Arises 


Now let’s examine how the triplet due to the CH group in BrCH,CHBr, arises. The CH group 
contains the absorbing proton and the CH, group contains the adjacent protons (H, and H,) that 
cause the splitting. 


absorbing H —H Ha 
Br—C—C-—Br 2 adjacent H’s <— 

I J 
Br Hp 


H, and H, can each be aligned 
with (+) or against (4) Bo. 


When placed in an applied magnetic field (Bo), the adjacent protons H, and H, can each be 
aligned with (1) or against (J) Bo. As a result, the absorbing proton feels three slightly differ- 


14.6C 


Rule [1] 


Rule [2] 
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ent magnetic fields—one slightly larger than Bo, one slightly smaller than Bo, and one the same 
strength as Bo. 


— 
| How a triplet arises 
| With no adjacent H's: | ' 
B, 


_ The absorbing H feels only F 


| The NMR signal is 
one magnetic field. | a single peak. 
| 
l 
y 


; fatb 


With two adjacent H’s: E ee eel ee | 
The absorbing H feels three different fields, > or The NMG vite S split 
so it absorbs at three different frequencies. hi Le Ingold els 
a a a 
By 1:2:1 


three different magnetic fields 


Because the absorbing proton feels three different magnetic fields, it absorbs at three different 
frequencies in the NMR spectrum, thus splitting a single absorption into a triplet. Because there 
are two different ways to align one proton with By and one proton against By—that is, Tal, and 
1,1,—1the middle peak of the triplet is twice as intense as the two outer peaks, making the ratio 
of the areas under the three peaks 1:2:1. 


e Two adjacent protons split an NMR signal into a triplet. 


When two protons split each other’s NMR signals, they are said to be coupled, In BrCH,CHBry, 
the CH proton is coupled to the CH; protons. The spacing between peaks in a split NMR signal, 
measured by the J value, is equal for coupled protons. 


Splitting: The Rules and Examples 


Three general rules describe the splitting patterns commonly seen in the 'H NMR spectra of 
organic compounds. 


Equivalent protons don’t split each other’s signals. 


A set of n nonequivalent protons splits the signal of a nearby proton into n + 1 peaks. 


e In BrCH,CHBr,, for example, one adjacent CH proton splits an NMR signal into two peaks 
(a doublet), and two adjacent CH) protons split an NMR signal into three peaks (a triplet). 
Names for split NMR signals containing two to seven peaks are given in Table 14.3. An NMR 
signal having more than seven peaks is called a multiplet. 

e The inside peaks of a split NMR signal are always most intense, with the area under the peaks 
decreasing from the inner to the outer peaks in a given splitting pattern. 


Table 14.3 Names for a Given Number of Peaks in an NMR Signal _ 


Number of peaks Name Number of peaks Name 
1 singlet 5 quintet 
2 doublet 6 sextet 
3 triplet 7 septet 
4 quartet SF multiplet 
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Rule [3] Splitting is observed for nonequivalent protons on the same carbon or adjacent carbons. 


If Ha and Hp are not equivalent, splitting is observed when: 


H 
lia pa | | 
—C— =r —C-C— 
| \ p i 
Hp Hy Ha Hp 
H, and Hp, are on the same carbon. H, and H, are on adjacent carbons. 


Splitting is not generally observed between protons separated by more than three o bonds. 
Although H, and H, are not equivalent to each other in 2-butanone and ethyl methyl ether, H, and 
H; are separated by four o bonds and so they are too far away to split each other’s NMR signals. 


The splitting of an NMR signal 
reveals the number of nearby 
nonequivalent protons. It tells 
nothing about the absorbing 

proton itself. I 


CCG 
CH; ~CHCH, CH»20°CHCH, 
ol lo cl Koj 
Ha Hp Ha Hp 
2-butanone ethyl methyl ether 
H, and H, are separated by four o bonds. Ha and H, are separated by four o bonds. 
no splitting between H, and H, no splitting between H, and Hp 


Table 14.4 illustrates common splitting patterns observed for adjacent nonequivalent protons. 


Table 14.4 Common Splitting Patterns Observed in 'H NMR Ar 
g pa 
Example Pattern Analysis (H, and H, are not equivalent.) 
1) eSa | e Ha: one adjacent Hp proton ---> two peaks ---> a doublet 
He He re e Hp: one adjacent Ha proton ---> two peaks ---> a doublet 
a b 
[2] 2 | e Ha: two adjacent Hp protons ---> three peaks ---> a triplet 
h 4 I e Hp: one adjacent Ha proton -=--> two peaks ---> a doublet 
Ha Hp 
[3] ee | | e Ha: two adjacent Hp protons -=--> three peaks ---> a triplet 
Ha Hp H. H e Hp: two adjacent Ha protons ---> three peaks ---> a triplet 
a b 
[4] M OheCha e Ha: three adjacent Hp protons ----  fourpeaks -=--> aquartet* 
Ha Hp Hp: two adjacent Ha protons -=--> three peaks -=--> a triplet 
Ha Hp 
[5] —C—CH, e Ha: three adjacent Hp protons ---> four peaks ---> a quartet* 
A Hy e Hp: one adjacent Ha proton -=--> two peaks ---> a doublet 
Ha Hp 


*The relative area under the peaks of a quartet is 1:3:3:1. 


Problem 14.13 


Problem 14.14 


Problem 14.15 


14.7 
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Predicting splitting is always a two-step process: 
¢ Determine if two protons are equivalent or different. Only nonequivalent protons split 
each other. 


¢ Determine if two nonequivalent protons are close enough to split each other’s signals. 
Splitting is observed only for nonequivalent protons on the same carbon or adjacent carbons. 


Several examples of spin-spin splitting in specific compounds illustrate the result of this two- 
step strategy. 


CI—CH,CH,—Cl e All protons are equivalent (H,), so there is no splitting and the NMR 
tt signal is one singlet. 
Ha 
aias a i e There are two NMR signals. H, and H, are nonequivalent protons 
Ha Hp bonded to adjacent C atoms, so they are close enough to split each 


other’s NMR signals. The H, signal is split into a triplet by the two 
H, protons. The H, signal is split into a triplet by the two H, protons. 


Q e There are three NMR signals. H, has no adjacent nonequivalent 


protons, so its signal is a singlet. The H, signal is split into a quartet 
by the three H, protons. The H, signal is split into a triplet by the 


a Hp He two Hp protons. 
cI Ha e There are two NMR signals. H, and H, are nonequivalent protons on 
pac, the same carbon, so they are close enough to split each other’s NMR 
Br Hp signals. The H, signal is split into a doublet by H,. The Hp signal is 


split into a doublet by H,. 


Into how many peaks will each indicated proton be split? 


0 Q CHCH; H» 
\ / 
a. C. C C e. C=C 
CH,CHy ~CI CH4 ~CH2CH,Br of th 
tl f of f ° 
j- — al 
b. Ch—Ọ—Br d. pac f. CICH,CH(OCH,)> 
Br Br H<— r * 


For each compound give the number of 'H NMR signals, and then determine how many peaks are 
present for each NMR signal. 


oO O 


l lI 
” dii i s a E i. 
CHy ~OCH,CH,OCH, CH; `H 


(0) 


d. Cl>CHCH,CO,CH; 


Sketch the NMR spectrum of CH3CH,Cl, giving the approximate location of each NMR signal. 


More Complex Examples of Splitting 


Up to now you have studied examples of spin-spin splitting where the absorbing proton has 
nearby protons on one adjacent carbon only. What happens when the absorbing proton has 
nonequivalent protons on two adjacent carbons? Different outcomes are possible, depend- 
ing on whether the adjacent nonequivalent protons are equivalent to or different from each 
other. 
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For example, 2-bromopropane [(CH3)sCHBr] has two types of protons—H, and H,—so it exhib- 
its two NMR signals, as shown in Figure 14.6. 


e The H, protons have only one adjacent nonequivalent proton (H,), so they are split into two 
peaks, a doublet. 

e H; has three H, protons on each side, Because the six H, protons are equivalent to each other, 
the n + 1 rule can be used to determine splitting: 6 + 1 = 7 peaks, a septet. 


Figure 14.6 


The 'H NMR spectrum of 
2-bromopropane, [(CH3)2CHBr] 


This is a specific example of a general rule: 


e Whenever two (or three) sets of adjacent protons are equivalent to each other, use the 
n + 1 rule to determine the splitting pattern. 


A different outcome results when an absorbing proton is flanked by adjacent protons that are 
not equivalent to each other. Consider the splitting pattern expected for the H, protons in the 
'H NMR spectrum of CH;CH,CH,Z. H, has protons on both adjacent carbons, but since H, and 
H, are not equivalent to each other, we cannot merely add them together and use the n + 1 rule. 


CH3CH2CH2—Z 


tt f 


Ha Hp He 


Instead, to determine the splitting of Hp, we must consider the effect of the H, protons and the 
H, protons separately. The three H, protons split the H, signal into four peaks, and the two H, 
protons split each of these four peaks into three peaks—that is, the NMR signal due to Hp consists 
of 4 x 3 = 12 peaks. Figure 14.7 shows a splitting diagram illustrating how these 12 peaks arise. 


e When two sets of adjacent protons are different from each other (n protons on one 
adjacent carbon and m protons on the other), the number of peaks in an NMR 
signal = (n + 1)(m + 1). 


It is only possible to see 12 peaks in an NMR spectrum when the coupling constants between 
each set of nonequivalent protons—that is, Ja and Jpc in this example—are different; in other 
words, Jab # Jec- Such is the case with the nonequivalent protons on carbon-carbon double bonds, 
which is discussed in Section 14.8. In practice, with flexible alkyl chains it is more common 
for Ja and Jne to be very similar or identical. In this case, peaks overlap and many fewer than 
12 peaks are observed. 


Figure 14.7 


A splitting diagram for the H, 
protons in CH3CH2CH2Z 
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CHCH3CH-Z 


t i 
Ha Hp He 


pe a 
Three Ha protons split the H, signal R Jab | Jab = the coupling constant 
into 3 + 1 = 4 peaks. Mi i between H, and Hp 


Two H, protons further split the Hp signal E DE íi f ( i ` a quartet of triplets 
into 2 + 1 = 3 peaks. | | 
ik L La ‘en 


Figure 14.8 


The 'H NMR spectrum 
of 1-bromopropane, 
CH3CH2CH,Br 


= the coupling constant 
between Hp and He 
Total = 12 peaks 
e The K, signal is split into 12 peaks, a quartet of triplets. The number of peaks actually seen for 
the signal depends on the relative size of the coupling constants, Jap and Ub. When Jab >> bes 
as drawn in this diagram, all 12 lines of the pattern are visible. When Jab and Jp, are similar in 
magnitude, peaks overlap and fewer lines are observed. 


The 'H NMR spectrum of 1-bromopropane (CH;CH,CH)Br) illustrates the result of peak overlap 
(Figure 14.8). 


CH3CH2CH.—Br 


i 


Ha Hp He 


CH3;CH,CH,Br has three different types of protons—H,, Hp, and H.—so it exhibits three NMR 
signals. H, and H, are each triplets because they are adjacent to two H, protons. H, has protons on 
both adjacent carbons, and H, and H, are not equivalent to each other. The three H, protons should 
split the H, signal into four peaks, and the two H, protons should split each of these four peaks into 
three peaks—that is, the NMR signal due to H, should once again consist of 4 x 3 = 12 peaks. How- 
ever, since Ja = Jec in this case, peak overlap occurs and a multiplet of only six peaks is observed. 


In CH;CH,CH,Br, the n protons on one adjacent carbon and the m protons on the other adja- 
cent carbon split the observed signal into n + m + 1 peaks. In other words, the 3 H, protons and 
2 H, protons split the NMR signal into 3 + 2 + 1 = 6 peaks, as shown in the sextet in Figure 14.8. 


CHgCH,CH,—Br 


Tether treyrerrpeurrye T 
8 7 6 5 4 3 2 1 0 


ppm 


e H and H, are both triplets. 
e The signal for H, appears as a multiplet of six peaks (a sextet), due to peak overlap. 


536 


Chapter 14 Nuclear Magnetic Resonance Spectroscopy 


Sample Problem 14.6 


Problem 14.16 


Problem 14.17 


14.8 


How many peaks are present in the NMR signal of each indicated proton? 


a. CICH CH CH,CI b. CICHCH CHBr 
Solution 
a. CICH,CH,CH,C! e H, has two Ha protons on each adjacent C. Because the four Ha protons 
are equivalent to each other, the n + 1 rule can be used to determine 
Ha Hy Ha splitting: 4 + 1 = 5 peaks, a quintet. 


b. CICH2CH,CH,Br e H, has two Ha protons on one adjacent C and two H, protons on the 
other. Because H, and H, are not equivalent to each other, the maximum 
Ha Hy He number of peaks for H, = (n + 1)(m + 1) = (2 + 1)(2 + 1) = 9 peaks. 
However, since this molecule has a flexible alkyl chain, it is likely that Jab 
and up, are very similar, so that peak overlap occurs. In this case, the 
number of peaks for Hp =7+m+1=2+4+2+1=5 peaks. 


How many peaks are present in the NMR signal of each indicated proton? 

Cl (CH2Br H M 

a. si hiii b. E a a iai C. C=C d. pa (all H atoms) 
—H H<— Br H 


Describe the 'H NMR spectrum of each compound. State how many NMR signals are present, the 
splitting pattern for each signal, and the approximate chemical shift. 


a. CH30CH2CHg G. CHOCH CH2CH2OCH3 
0 CHsCHp (CHCH 

b. La. d. ‘c= 

CHCH; ~OCH(CH,), i 


Spin-Spin Splitting in Alkenes 


Protons on carbon-carbon double bonds often give characteristic splitting patterns. A disubsti- 
tuted double bond can have two geminal protons (on the same carbon atom), two cis protons, 
or two trans protons. When these protons are different, each proton splits the NMR signal of the 
other, so that each proton appears as a doublet. The magnitude of the coupling constant J for 
these doublets depends on the arrangement of hydrogen atoms. 


\ Ma Ha /* \ fre 
C=C C=C C=C 
O h / uA 
geminal H’s cis H's trans H’s 
geminal = ois s trans 
“i Hz 5-10 Hz 11-18 Hz 


characteristic coupling constants for three types of disubstituted alkenes 


Thus, the E and Z isomers of 3-chloropropenoic acid both exhibit two doublets for the two alke- 
nyl protons, but the coupling constant is larger when the protons are trans compared to when the 
protons are cis, as shown in Figure 14.9. 
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Figure 14,9 Cl E Ho Ha, 7 Ho 
1H NMR spectra for the C= pac 
alkenyl protons of (E)- and Ha COOH CI COOH 
(Z)-3-chloropropenoic acid (E)-3-chloropropenoic acid (Z)-3-chloropropenoic acid 
úran = 14H2z— | | tl Tt ran TA HZ Jog = 8 Hz = AA = 8 AZ 


Ha Hp 


e Although both (E)- and (Z)-3-chloropropencic acid show two doublets in their 'H NMR spectra for 
their alkenyl! protons, Jtrans > Ucis- 


When a double bond is monosubstituted, there are three nonequivalent protons, and the pattern is 
more complicated because all three protons are coupled to each other. For example, vinyl acetate 
(CH,=CHOCOCH:) has four different types of protons, three of which are bonded to the double 
bond. Besides the singlet for the CH} group, each proton on the double bond is coupled to two 
other different protons on the double bond, giving the spectrum in Figure 14.10. 


e H, has two nearby nonequivalent protons that split its signal, the geminal proton H, and the 
trans proton Hy. Ha splits the H, signal into a doublet, and the H, proton splits the doublet 
into two doublets. This pattern of four peaks is called a doublet of doublets. 


e H, has two nearby nonequivalent protons that split its signal, the geminal proton H, and the 
cis proton Hy. Hy splits the H, signal into a doublet, and the H, proton splits the doublet into 
two doublets, forming another doublet of doublets. 

e Ha has two nearby nonequivalent protons that split its signal, the trans proton H, and the cis 
proton H,. Hy splits the Hy signal into a doublet, and the H, proton splits the doublet into two 
doublets, forming another doublet of doublets. 


Figure 14.10 
The 'H NMR spectrum of vinyl 
acetate (CH.=CHOCOCHs) 


CH3 
vinyl acetate 


Vinyl acetate is polymerized 
to poly(vinyl acetate) (Problem 
15.28), a polymer used in 
paints, glues, and adhesives. 
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Figure 14.11 Ha Hp He 
Splitting diagram for 
the alkenyl protons Ho Ha 


` » ios pO 7 

in vinyl acetate =g O 4 ` - ` PR One nearby H splits the 

(CH»=CHOCOCHs) W ia ro Jou | Jod ) Z d signal into a doublet. 

R \ J Joo the h oh 
CH aN A be be bc A A “be — 

9 fs r % Nij YA ij (i/ The second nearby H 
= : [ae [øe | | | | splits the doublet into a 

Joc = 1.2 Hz (geminal) — z | | Ii || doublet of doublets. 


Jog = 6.5 Hz (cis) 
Jpg = 14 Hz (trans) 


doublet of doublets doublet of doublets doublet of doublets 
for Hg for Hp for He 


Splitting diagrams for the three alkenyl protons in vinyl acetate are drawn in Figure 14.11. Note 
that each pattern is different in appearance because the magnitude of the coupling constants 
forming them is different. 


Problem 14.18 Draw a splitting diagram for H, in trans-1,3-dichloropropene, given that Jap = 13.1 Hz and Up. = 7.2 Hz. 


cl Hp 
i Ge 
He 


trans-1,3-dichloropropene 


Probiem 14.19 Identify A and B, isomers of molecular formula C3H4Cl;, from the given 'H NMR data: Compound 
A exhibits signals at 1.75 (doublet, 3 H, J = 6.9 Hz) and 5.89 (quartet, 1 H, J = 6.9 Hz) ppm. 
Compound B exhibits signals at 4.16 (singlet, 2 H), 5.42 (doublet, 1 H, J = 1.9 Hz), and 5.59 
(doublet, 1 H, J = 1.9 Hz) ppm. 


14.9 Other Facts About 'H NMR Spectroscopy 
14.9A OH Protons 


e Under usual conditions, an OH proton does not split the NMR signal of adjacent 
protons. 


e The signal due to an OH proton is not split by adjacent protons. 


Ethanol (CH,;CH,OH), for example, has three different types of protons, so there are three signals 
in its 'H NMR spectrum, as shown in Figure 14.12. 


e The H, signal is split by the two H, protons into three peaks, a triplet. 


e The H, signal is split by only the three H, protons into four peaks, a quartet. The adjacent 
OH proton does not split the signal due to Hy. 


e H, is a singlet because OH protons are not split by adjacent protons. 


Why is a proton bonded to an oxygen atom a singlet in a 'H NMR spectrum? Protons on elec- 
tronegative elements rapidly exchange between molecules in the presence of trace amounts of 


Figure 14.12 


The 'H NMR spectrum of 
ethanol (CH3CH2OH) 


Problem 14.20 


14.9B 


14.9C 


We will learn more about the 
spectroscopic absorptions 
of benzene derivatives in 
Chapter 17. 
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CHgCH,OH 


Lips 


Ha Hp He 


acid or base. It is as if the CH, group in ethanol never “feels” the presence of the OH proton, 
because the OH proton is rapidly moving from one molecule to another. We therefore see a peak 
due to the OH proton, but it is a single peak with no splitting. This phenomenon usually occurs 
with NH and OH protons. 

How many signals are present in the 'H NMR spectrum for each molecule? What splitting is 
observed in each signal: (a) (CHs);CCH2OH; (b) CH3CH2CH20H; (c) (CH3)2CHNH;? 


Cyclohexane Conformations 


How does the rotation around carbon-carbon o bonds and the ring flip of cyclohexane rings affect 
an NMR spectrum? Because these processes are rapid at room temperature, an NMR spectrum 
records an average of all conformations that interconvert. 


Thus, even though each cyclohexane carbon has two different types of hydrogens—one axial 
and one equatorial—the two chair forms of cyclohexane rapidly interconvert them, and an NMR 
spectrum shows a single signal for the average environment that it “sees.” 


His equatorial Axial and equatorial H’s rapidly 
axial — ha q interconvert. NMR sees an average 


H, == Ta environment and shows one signal. 
a 
Hp 


Protons on Benzene Rings 


Benzene has six equivalent, deshielded protons and exhibits a single peak in its 'H NMR spec- 
trum at 7.27 ppm. Monosubstituted benzene derivatives—that is, benzene rings with one H atom 
replaced by another substituent Z—contain five deshielded protons that are no longer all equiva- 
lent to each other. The identity of Z determines the appearance of this region of a 'H NMR spec- 
trum (6.5-8 ppm), as shown in Figure 14.13. We will not analyze the splitting patterns observed 
for the ring protons of monosubstituted benzenes. 
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Figure 14.13 
The 6.5-8 ppm region of the 
1H NMR spectrum of three 
benzene derivatives 
_ A benzene ring with 
_ one substituent Z 
Hy Ha 
He Z 
HÉ Ha 7 8 7 
A monosubstituted benzene 
ring has three different types CH2CH3 CHO OCH 
of H atoms: Ha, Hp, and He. 


e The appearance of the signals in the 6.5-8 ppm region of the 'H NMR spectrum depends on the 
identity of Z in CeHsZ. 


Problem 14.21 


What protons in alcohol A give rise to each signal in its 'H NMR spectrum? Explain all splitting 
patterns observed for absorptions between 0-7 ppm. 


Problem 14.22 How many peaks are observed in the 'H NMR signal for each proton shown in red in palau'amine, 
the complex chapter-opening molecule? 


palau'amine 


How To Use 'H NMR Data to Determine a Structure 
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14.10 Using 'H NMR to Identify an Unknown 


Once we know a compound’s molecular formula from its mass spectral data and the identity of 
its functional group from its IR spectrum, we can then use its 'H NMR spectrum to determine its 
structure. A suggested procedure is illustrated for compound X, whose molecular formula 
(C4HgO>) and functional group (C=O) were determined in Section 13.8. 


Example Using its 'H NMR spectrum, determine the structure of an unknown compound X that has molecular formula 


Step [1] 


Step [2] 


C,HgO2 and contains a C=O absorption in its IR spectrum. 


_absorption| ppm |integration 


| [A] triplet 
- [B] quartet 
| [C] singlet 


Determine the number of different kinds of protons. 


¢ The number of NMR signals equals the number of different types of protons. 
e This molecule has three NMR signals ([A], [B], and [C]) and therefore three types of protons (Ha, Hp, and Ho). 


Use the integration data to determine the number of H atoms giving rise to each signal (Section 14.5). 


© Total number of integration units: 14 + 11 + 15 = 40 units 

e Total number of protons = 8 

e Divide: 40 units/8 protons = 5 units per proton 

e Then, divide each integration value by this answer (5 units per proton) and round to the nearest whole number. 


15 11 14 


= r 3 H, protons a 2.2 = 2H, protons a” 2.8 = 3H, protons 
signal [A] signal [B] signal [C] 


Three equivalent H’s usually | Two equivalent H’s usually | Three equivalent H’s usually 
means a CH} group. means a CH; group. | means a CHg group. 


—Continued 
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How To, continued.: 


Step [3] 


Step [4] 


Use individual splitting patterns to determine what carbon atoms are bonded to each other. 


e Start with the singlets. Signal [C] is due to a CH3 group with no adjacent nonequivalent H atoms. Possible structures 
include: 


Il 
CH0- or O of CH3-C— 
C 


Hg 


e Because signal [A] is a triplet, there must be 2 H’s (CH; group) on the adjacent carbon. 
¢ Because signal [B] is a quartet, there must be 3 H’s (CH; group) on the adjacent carbon. 
¢ This information suggests that X has an ethyl group ---—> CHsCHo-. 


due to 3 absorbing H’s 


| 


due to 2 absorbing H's | CH;CHz- | 
‘An adjacent CH, group i 


An adjacent CH, group 
causes the splitting. i causes the splitting. 


signal [B] signal [A] 


To summarize, X contains CH3-, CHCH2-, and C=O (from the IR). Comparing these atoms with the 
molecular formula shows that one O atom is missing. Because O atoms do not absorb in a 'H NMR 
spectrum, their presence can only be inferred by examining the chemical shift of protons near them. O atoms 
are more electronegative than C, thus deshielding nearby protons, and shifting their absorption downfield. 


Use chemical shift data to complete the structure. 


e Put the structure together in a manner that preserves the splitting data and is consistent with the reported chemical 
shifts. 
e In this example, two isomeric structures (A and B) are possible for X considering the splitting data only: 


Structural pieces | [ Possible structures | 


CH3;— Q fe) (0) 
t om G. or A 
Ho CH,CH,~ ~OCH CH;~ ~OCH,CH; 
ae 3 3 
ee a r T] 
y + Ha Hp He He Hp Ha 
Ha Hp A B 


¢ Chemical shift information distinguishes the two possibilities. The electronegative O atom deshields adjacent H’s, 
shifting them downfield between 3 and 4 ppm. If A is the correct structure, the singlet due to the CHa group (Ho) 
should occur downfield, whereas if B is the correct structure, the quartet due to the CH3 group (Hp) should occur 
downfield. 

e Because the NMR of X has a singlet (not a quartet) at 3.7, A is the correct structure. 


14.11 "°C NMR Spectroscopy 543 


Problem 14.23 Propose a structure for a compound of molecular formula C7H140; with an IR absorption at 
1740 cm” and the following 'H NMR data: 


Absorption ppm Integration value 
singlet 1.2 26 
triplet 1.3 10 
quartet 4.1 6 


Problem 14.24 Propose a structure for a compound of molecular formula C3HgO with an IR absorption at 
3600-3200 cm” and the following NMR spectrum: 


ppm 


Problem 14.25 Identify products A and B from the given 'H NMR data. 
a. Treatment of CH: = CHCOCH; with one equivalent of HCI forms compound A. A exhibits the 
following absorptions in its 'H NMR spectrum: 2.2 (singlet, 3 H), 3.05 (triplet, 2 H), and 3.6 (triplet, 
2 H) ppm. What is the structure of A? 
b. Treatment of acetone [(CH3)2C = O] with dilute aqueous base forms B. Compound B exhibits four 
singlets in its 'H NMR spectrum at 1.3 (6 H), 2.2 (3 H), 2.5 (2 H), and 3.8 (1 H) ppm. What is the 
structure of B? 


14.11 ‘°C NMR Spectroscopy 


'3C NMR spectroscopy is also an important tool for organic structure analysis. The physical basis 
for °C NMR is the same as for 'H NMR. When placed in a magnetic field, Bọ, °C nuclei can 
align themselves with or against Bọ. More nuclei are aligned with Bọ because this arrangement 
is lower in energy, but these nuclei can be made to spin flip against the applied field by applying 
RF radiation of the appropriate frequency. 


13C NMR spectra, like 'H NMR spectra, plot peak intensity versus chemical shift, using TMS as 
the reference signal at 0 ppm. ‘°C occurs in only 1.1% natural abundance, however, so °C NMR 
signals are much weaker than 'H NMR signals. To overcome this limitation, modern spectrom- 
eters irradiate samples with many pulses of RF radiation and use mathematical tools to increase 
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Intensity 


14.11A 


signal sensitivity and decrease background noise. The spectrum of acetic acid (CH;COOH) illus- 
trates the general features of a C NMR spectrum. 


13¢ NMR spectrum of 


200 180 160 140 120 100 80 60 40 20 0 


chemical shift 


3C NMR spectra are easier to analyze than 'H spectra because signals are not split. Each type 
of carbon atom appears as a single peak. 


Why aren’t °C signals split by nearby carbon atoms? Recall from Section 14.6 that splitting 
occurs when two NMR active nuclei—like two protons—are close to each other. Because of the 
low natural abundance of °C nuclei (1.1%), the chance of two °C nuclei being bonded to each 
other is very small (0.01%), and so no carbon-carbon splitting is observed. 


A °C NMR signal can also be split by nearby protons. This 'H—'°C splitting is usually eliminated 
from a spectrum, however, by using an instrumental technique that decouples the proton—carbon 
interactions, so that every signal in a °C NMR spectrum is a singlet. 


Two features of °C NMR spectra provide the most structural information: the number of signals 
observed and the chemical shifts of those signals. 


13C NMR: Number of Signals 


e The number of signals in a ‘°C spectrum gives the number of different types of carbon 
atoms in a molecule. 


Carbon atoms in the same environment give the same NMR signal, whereas carbons in different 
environments give different NMR signals. The °C NMR spectrum of CH;COOH has two signals 
because there are two different types of carbon atoms—the C of the CH3 group and the C of the 
carbonyl (C=O). 


e Because '°C NMR signals are not split, the number of signals equals the number of 
lines in the °C NMR spectrum. 
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Thus, the °C NMR spectra of dimethyl ether, chloroethane, and methyl acetate exhibit one, two, 
and three lines, respectively, because these compounds contain one, two, and three different 
types of carbon atoms. 


Ca Ca Ca Gy Ca i YB, 
CH3—O-CH, CH 5-CH,—Cl CH, “OCH, 
dimethyl ether chloroethane methyl acetate 

1 13C NMR signal 2 '8C NMR signals 3 13C NMR signals 


Both C's are equivalent. 


In contrast to what occurs in proton NMR, peak intensity is not proportional to the number of 
absorbing carbons, so C NMR signals are not integrated. 


Sample Problem 14.7 How many lines are observed in the °C NMR spectrum of each compound? 


fe) CH3 H 
a. CH3CH,CH;CH,CH, b. Gots ova 
CH,~ “O-G—CHsg ri bu 
CH3 3 
Solution 
The number of different types of carbons equals the number of lines in a ‘°C NMR spectrum. 
o P 
pi CHa Cy Sha P 
a. PHG HCH CH b. CH3~ fea c. Ba 
Ca Oh Ce Gh. Co Ca Cyd, Cii Ca H V çH; 
d Cy 
3 types of C’s 4 types of C's 2 types of C’s 
3 13C NMR signals 4 13C NMR signals 2 13C NMR signals 


Problem 14.26 How many lines are observed in the °C NMR spectrum of each compound? 


a. CH3CH2CH2CH3 C. CH3CHCH2—0O-—CH2CH2CH3 
o CHCH; H 
i aed 
b. JO. d. Ded 
CHgCH; “OCH; iy 


Problem 14.27 Draw all constitutional isomers of molecular formula C3H,Clo. 


a. How many signals does each isomer exhibit in its 'H NMR spectrum? 
b. How many lines does each isomer exhibit in its °C NMR spectrum? 


c. When only the number of signals in both 'H and 1°C NMR spectroscopy is considered, is it 
possible to distinguish all of these constitutional isomers? 


Eo = Ses 

Esters of chrysanthemic 
acid are obtained from the 
flowers of Chrysanthemum 
cinerariifolium. Because they 
are biodegradable and active 
against numerous insect 
species, these esters are 
widely used insecticides (see 
also Section 26.4). chrysanthemic acid 


Problem 14.28 Esters of chrysanthemic acid are naturally occurring insecticides. How many 
lines are present in the °C NMR spectrum of chrysanthemic acid? 
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14.11B C NMR: Position of Signals 


In contrast to the small range of chemical shifts in 'H NMR (0-12 ppm usually), °C NMR 
absorptions occur over a much broader range, 0-220 ppm. The chemical shifts of carbon atoms 
in VC NMR depend on the same effects as the chemical shifts of protons in 'H NMR: 


* The sp° hybridized C atoms of alkyl groups are shielded and absorb upfield. 
e Electronegative elements like halogen, nitrogen, and oxygen shift absorptions downfield. 


© The sp’ hybridized C atoms of alkenes and benzene rings absorb downfield. 
e Carbonyl carbons are highly deshielded, and absorb farther downfield than other carbon types. 


Table 14.5 lists common 'C chemical shift values. The °C NMR spectra of 1-propanol 
(CH;CH,CH,OH) and methyl acetate (CH;CO2CH3) in Figure 14.14 illustrate these principles. 


Table 14.5 Common C Chemical Shift Values i | 


Type of carbon 


Figure 14.14 Representative °C NMR spectra 


a. 1-Propanol 


-CH,CH,CH,OH 


Ble la 


Ca Ch C, 


200 180 160 140 120 100 80 60 40 20 
ppm 


e The three types of C’s in 1-propanol—identified as C,, Cp, and 
C,.—give rise to three °C NMR signals. 

e Deshielding increases with increasing proximity to the 
electronegative O atom, and the absorption shifts downfield; 
thus, in order of increasing chemical shift: Ca < Cp < Cg. 


Chemicai shift 


Chemical shift 


(ppm) Type of carbon {ppm} 
5-45 y 100-140 
™ / Da 120-150 

65-100 ‘bro 160-210 


b. Methyl acetate 


200 180 160 140 120 100 80 60 40 20 0 
ppm 


e The three types of C’s in methyl acetate—identified as Ca, Cp, 
and C,—give rise to three ‘°C NMR signals. 

e The carbonyl carbon (C,) is highly deshielded, so it absorbs 
farthest downfield. 

e C,, an sp? hybridized C that is not bonded to an O atom, is the 
most shielded, and so it absorbs farthest upfield. 

e Thus, in order of increasing chemical shift: Ca < C, < Cp. 


Problem 14.29 


Problem 14.30 


Problem 14.31 


Problem 14.32 


14.12 
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Which of the indicated carbon atoms in each molecule absorbs farther downfield? 


(6) 
I 


a. CH3CH,0CH,CH b. BrCH,CHBr. Ci C 
3 2 2 3 2 2 H+ OCH, 


d. CHsCH=CH, 


Identify the carbon atoms that give rise to each NMR signal. 


a. CHyCH(OH)CH,CH, 


b. (CH3CH2)2C =0 


A compound of molecular formula C4,HgO. shows no IR peaks at 3600-3200 or 1700 cm". It 
exhibits one singlet in its 'H NMR spectrum at 3.69 ppm, and one line in its C NMR spectrum at 
67 ppm. What is the structure of this unknown? 


Draw the structure of a compound of molecular formula C,H,O that has a signal in its °C NMR 
spectrum at > 160 ppm. Then draw the structure of an isomer of molecular formula C,HgO that 
has all of its °C NMR signals at < 160 ppm. 


Magnetic Resonance Imaging (MRI) 


Magnetic resonance imaging (MRI)—NMR spectroscopy in medicine—is a powerful diag- 
nostic technique (Figure 14.15a). The “sample” is the patient, who is placed in a large cavity in 
a magnetic field, and then irradiated with RF energy. Because RF energy has very low frequency 
and low energy, the method is safer than X-rays or computed tomography (CT) scans that employ 
high-frequency, high-energy radiation that is known to damage living cells. 
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Figure 14.15 (a 
Magnetic resonance imaging 


a. An MRI instrument: An MRI instrument is especially useful for visualizing soft tissue. In 2002, 
60 million MRI procedures were performed. The 2003 Nobel Prize in Physiology or Medicine was 
awarded to chemist Paul C. Lauterbur and physicist Sir Peter Mansfield for their contributions in 
developing magnetic resonance imaging. 


b. An MRI image of the lower back: A labels spinal cord compression from a herniated disc. B labels 
the spinal cord, which would not be visualized with conventional X-rays. 


Living tissue contains protons (especially the H atoms in H,O) in different concentrations and 
environments. When irradiated with RF energy, these protons are excited to a higher energy spin 
state, and then fall back to the lower energy spin state. These data are analyzed by a computer 
that generates a plot that delineates tissues of different proton density (Figure 14.15b). MRIs can 
be recorded in any plane. Moreover, because the calcium present in bones is not NMR active, an 
MRI instrument can “see through” bones such as the skull and visualize the soft tissue underneath. 


KEY CONCEPTS i 


Pa | 


Nuclear Magnetic Resonance Spectroscopy 
1H NMR Spectroscopy 


[1] The number of signals equals the number of different types of protons (14.2). 
[2] The position of a signal (its chemical shift) is determined by shielding and deshielding effects. 
e Shielding shifts an absorption upfield; deshielding shifts an absorption downfield. 
e Electronegative atoms withdraw electron density, deshield a nucleus, and shift an absorption downfield (14.3), 


This proton is shielded. | | This proton is deshielded. 
—C-H < Its absorption is upfield, —C-—H< Its absorption is farther downfield, 
| 0.9-2 ppm. | x 2.5-4 ppm. 
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e Loosely held x electrons can either shield or deshield a nucleus. Protons on benzene rings and double bonds are deshielded 
and absorb downfield, whereas protons on triple bonds are shielded and absorb upfield (14.4). 


—c=C | 


t _ 


deshieldedH shielded H | 
downfield absorption — upfield absorption 


J 


[8] The area under an NMR signal is proportional to the number of absorbing protons (14.5). 
[4] Spin-spin splitting tells about nearby nonequivalent protons (14.6-14.8). 
e Equivalent protons do not split each other’s signals. 
e A set of n nonequivalent protons on the same carbon or adjacent carbons splits an NMR signal into n + 1 peaks. 
e OH and NH protons do not cause splitting (14.9). 
e When an absorbing proton has two sets of nearby nonequivalent protons that are equivalent to each other, use the n + 1 rule to 
determine splitting. 
e When an absorbing proton has two sets of nearby nonequivalent protons that are not equivalent to each other, the number of 
peaks in the NMR signal = (n + 1)(m + 1). In flexible alkyl chains, peak overlap often occurs, resulting in n +m + 1 peaks in an 
NMR signal. 


13C NMR Spectroscopy (14.11) 


[1] The number of signals equals the number of different types of carbon atoms. All signals are single peaks. 
[2] The relative position of '°C signals is determined by shielding and deshielding effects. 

e Carbons that are sp? hybridized are shielded and absorb upfield. 

e Electronegative elements (N, O, and halogen) shift absorptions downfield. 

e The carbons of alkenes and benzene rings absorb downfield. 

e Carbonyl carbons are highly deshielded, and absorb farther downfield than other carbon types. 


PROBLEMS i 


Problems Using Three-Dimensional Models 


14.33 (a) How many 'H NMR signals does each of the following compounds exhibit? (b) How many °C NMR signals does each 
compound exhibit? 


@ 
ye e@ rr =) @ ee ry 
Ea Watoa. 


E w YV = 
A B 


w wy 
& en” ‘s 
j w w ~) 
@®@ v ú” a e re) 
oe? ~ @@ 
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1H NMR Spectroscopy—Determining Equivalent Protons 


14.35 How many different types of protons are present in each compound? 


a. (CH 3)gCH e. =“ y h. pre 
O CHa Br 


b. (CH3)3CC(CH3)s 


CHCH; fi 
\ 
; C=C i. CH3CH(OH)CH,CH 
c. CHgCH»OCH,CH,CH,CH»CHs f AEN Le A 
H CHCH 
. oO 
d. CH3CH=CH, g. CH3CH,CH,0CH,CH,CH, j. [>—Chg 
14.36 How many 'H NMR signals does each compound give? 
«(fo E “Ct «ff 
CH3 “CHa 
14.37 How many 'H NMR signals does each natural product exhibit? 
H (0) 
ái (0) CHa CHO — p 
3SN N OH 3 > N 
a. | p b. c. d. | a H 
o” ~N N OCH, HO 
CHg OH 
caffeine vanillin thymol capsaicin 
(from coffee beans and tea (from the vanilla bean) (from thyme) (from hot peppers) 


leaves) 


1H NMR—Chemical Shift and integration 


14.38 Using a 300 MHz NMR instrument: 
a. How many Hz downfield from TMS is a signal at 2.5 ppm? 
b. If asignal comes at 1200 Hz downfield from TMS, at what ppm does it occur? 
c. If two peaks are separated by 2 ppm, how many Hz does this correspond to? 


14.39 Acetone exhibits a singlet in its 'H NMR spectrum at 2.16 ppm. If CH2Cl exhibits a singlet 1570 Hz downfield from acetone on 
a 500 MHz NMR spectrometer, what is the chemical shift of the singlet due to CH2Cl.? 


14.40 Which of the indicated protons in each pair absorbs farther downfield? 
a. CH3CH2CH2CH2CH3 or CH3CH2CH20OCH3 C. CH,0CH2CHg 
t f or 
b. didi d or ibi d. is ia or a 


14.41 A compound of molecular formula CsH4o gives three signals in its 'H NMR spectrum with the following integration units: 13, 33, 
73 units. How many protons are responsible for each signal? 


14.42 How could you use chemical shift and integration data in 'H NMR spectroscopy to distinguish between each pair of 
compounds? The 'H NMR spectrum of each compound contains only singlets. 


a. CH3CO02C(CH3)3 and CH3CO2CHs C. o jch and CH; 
b. CH30CH2CH2,0CH; and CHOCH20CH3 


CHa 


CH, 


Problems 


'H NMR—Splitting 
14.43 Which compounds give one singlet in the 'H NMR spectrum? 


Q o CH, Cha 
CH3CH3 X i) ae 
(8) 7 y 


C 
“"“OC(CH 
A (CHg)3C (CH3)a cH, CH, 
CH =CHCH=CH,; CH;—C=C-—CH, 
O 
Ber cr NMa A 
Br Br Br (CH3)3C C(CHs3)3 
14.44 Into how many peaks will the signal for each of the indicated protons be split? 
CHa - 
\ 
a. CH3CH(OCHs)> d. CH,OCH2CHCl, g. CH3CH»CH,CH,OH j. pre 
rt ry TTA me ee 
? ? ? a j 
-ii ry, Ni \ 
b. CH3OCH;CH; ~OCHg; e. (CH3),CH~ `OCH;CH3 h. CH3sCH,CH,~ ~OH k. jem 
tf i tt ft ft Bro H- 
i CH He 
ĉi TES f. HOCH,CH,CH,OH i. CHCH `H b Pg 
tt tot tot —H H- 
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14.45 How can you use 'H NMR spectroscopy to distinguish between CH; =C(Br)CO,CH, and methyl (2£)-3-bromo-2-propenoate, 


BrCH= CHCO2CH,? 


14.46 Label the signals due to Ha, Hp, and H, in the 'H NMR spectrum of acrylonitrile (CH. = CHCN). Draw a splitting diagram for the 


absorption due to the H, proton. 


Hp Ha 

\ 

C=C 

/ X 
H, CN 
Jap = 11.8 Hz 
Joc = 0.9 Hz 
Jag = 18 Hz 


smical shift {p| 


3C NMR 


14.47 Draw the four constitutional isomers having molecular formula C,HgBr and indicate how many different kinds of carbon atoms 


each has. 


14.48 Which compounds in Problem 14.43 give one signal in their °C NMR spectra? 


14.49 Explain why the carbonyl carbon of an aldehyde or ketone absorbs farther downfield than the carbonyl carbon of an ester ina 


136 NMR spectrum. 
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14.50 How many ‘°C NMR signals does each compound exhibit? 


a. HC(CHs)3 d. i i g. ( Yon 


0 
CHCH;  CH;CH, 
$ 


H 
c. CH3OCH(CH3)2 l ANN OH pe ) 
14.51 Rank the indicated carbon atoms in each compound in order of increasing chemical shift. 
O (0) 
il OH il 
pom | CL 
a. CH,CH, | OH b. ts biii c. | S 1 "QH2CHs d. iti i 
a 


14,52 Identify the carbon atoms that give rise to the signals in the °C NMR spectrum of each compound. 
a, CH3CH2CH,CH,OH; °C NMR: 14, 19, 35, and 62 ppm 
b. (CHz)2CHCHO; °C NMR: 16, 41, and 205 ppm 
c. CH= CHCH(OH)CH;; °C NMR: 23, 69, 113, and 143 ppm 


14.53 a. How many signals does dimethyl fumarate (CH3z02.CCH=CHCO.CH;, with a trans C=C) exhibit in its °C NMR spectrum? 
b. Draw the structure of an isomer of dimethyl fumarate that has each of the following number of signals in its °C NMR 
spectrum: [1] three; [2] four; [5] five. 
Combined Spectroscopy Problems 
Additional spectroscopy problems are located at the end of Chapters 15-23 and 25. 


14.54 Propose a structure consistent with each set of spectral data: 


a. C4HgBro: IR peak at 3000-2850 cm; NMR (ppm): d. CgH,,0: IR peak at 3600-3200 cm; NMR (ppm): 
1.87 (singlet, 6 H) 0.8 (triplet, 6 H) 1.5 (quartet, 4 H) 
3.86 (singlet, 2 H) 1.0 (singlet, 3 H) 1.6 (singlet, 1 H) 

b. C3HgBro: IR peak at 3000-2850 cm™'; NMR (ppm): e. CgH,40: IR peak at 3000-2850 cm; NMR (ppm): 
2.4 (quintet) 1.10 (doublet, 30 units) 
3.5 (triplet) 3.60 (septet, 5 units) 

c. OsH; 02: IR peak at 1740 cm; NMR (ppm): f. C3H,O: IR peak at 1730 cm; NMR (ppm): 
1.15 (triplet, 3 H) 2.30 (quartet, 2 H) 1.11 (triplet) 
1.25 (triplet, 3 H) 4.72 (quartet, 2 H) 2.46 (multiplet) 


9.79 (triplet) 


14.55 Identify the structures of isomers A and B (molecular formula CgH;90). 
Compound A: IR peak at 1742 cm™'; 'H NMR data (ppm) at 2.15 (singlet, 3 H), 3.70 (singlet, 2 H), 
and 7.20 (broad singlet, 5 H). 
Compound B: IR peak at 1688 cm™'; 'H NMR data (ppm) at 1.22 (triplet, 3 H), 2.98 (quartet, 2 H), 
and 7.28-7.95 (multiplet, 5 H). 


14.56 Reaction of CsHs;CH2CH2OH with CH3zCOCI affords compound W, which has molecular formula C10H1202. W shows prominent 
IR absorptions at 3088-2897, 1740, and 1606 cm”. W exhibits the following signals in its 'H NMR spectrum: 2.02 (singlet), 2.91 
(triplet), 4.25 (triplet), and 7.20-7.35 (multiplet) ppm. What is the structure of W? We will learn about this reaction in Chapter 22. 


14.57 Treatment of 2-methylpropanenitrile [(CH3)s,CHCN] with CH3CH2CH,MgBr, followed by aqueous acid, affords compound V, 
which has molecular formula C7H,40. V has a strong absorption in its IR spectrum at 1713 cm”, and gives the following 
1H NMR data: 0.91 (triplet, 3 H), 1.09 (doublet, 6 H), 1.6 (multiplet, 2 H), 2.43 (triplet, 2 H), and 2.60 (septet, 1 H) ppm. What is 
the structure of V? We will learn about this reaction in Chapter 22. 


14.58 Compound C has a molecular ion in its mass spectrum at 146 and a prominent absorption in its IR spectrum at 1762 cm”. 
C shows the following 'H NMR spectral data: 1.47 (doublet, 3 H), 2.07 (singlet, 6 H), and 6.84 (quartet, 1 H) ppm. What is the 
structure of C? 
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14.59 As we will learn in Chapter 20, reaction of (CH3)2CO with LiC =CH followed by H20 affords compound D, which has a 
molecular ion in its mass spectrum at 84 and prominent absorptions in its IR spectrum at 3600-3200, 3303, 2938, and 
2120 cm. D shows the following 'H NMR spectral data: 1.53 (singlet, 6 H), 2.37 (singlet, 1 H), and 2.43 (singlet, 1 H) ppm. 
What is the structure of D? 


14.60 Identify the structures of isomers E and F (molecular formula C4HgOs). 
Compound E: IR absorption at 1743 cm! Compound F: IR absorption at 1730 cm” 


1H NMR of E 1H NMR of F 


ppm 
14.61 Identify the structures of isomers H and I (molecular formula CgH,,N). 
a. Compound H: IR absorptions at 3365, 3284, 3026, 2932, b. Compound I: IR absorptions at 3367, 3286, 3027, 2962, 
1603, and 1497 cm! 1604, and 1492 cm” 


14.62 Propose a structure consistent with each set of data. 
a. CoH1002: IR absorption at 1718 cm 


1H NMR spectrum 
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14.63 


14.64 


14.65 


14.66 


14.67 
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Reaction of (CH3)3CCHO with (CgHs)3P = C(CH3)OCHs, followed by treatment with aqueous acid, affords R (C7H;,0). R has a 
strong absorption in its IR spectrum at 1717 cm” and three singlets in its 'H NMR spectrum at 1.02 (9 H), 2.13 (3 H), and 2.33 
(2 H) ppm. What is the structure of R? We will learn about this reaction in Chapter 21. 


Reaction of aldehyde D with amino alcohol E in the presence of NaH forms F (molecular formula C,;H;s3NOz2). F absorbs at 
1730 cm” in its IR spectrum. F also shows eight lines in its °C NMR spectrum, and gives the following 'H NMR spectrum: 
2.32 (singlet, 6 H), 3.05 (triplet, 2 H), 4.20 (triplet, 2 H), 6.97 (doublet, 2 H), 7.82 (doublet, 2 H), and 9.97 (singlet, 1 H) ppm. 

Propose a structure for F. We will learn about this reaction in Chapter 18. 


CHO 
OH 
LY i (CH) N ~~ 
F 


D E 


Propose a structure consistent with each set of data. 

a. Compound J: molecular ion at 72; IR peak at 1710 cm”; 'H NMR data (ppm) at 1.0 (triplet, 3 H), 2.1 (singlet, 3 H), 
and 2.4 (quartet, 2 H) 

b. Compound K: molecular ion at 88; IR peak at 3600-3200 cm; 'H NMR data (ppm) at 0.9 (triplet, 3 H), 
1.2 (singlet, 6 H), 1.5 (quartet, 2 H), and 1.6 (singlet, 1 H) 


In the presence of a small amount of acid, a solution of acetaldehyde (CH3CHO) in methanol (CH3OH) was allowed to stand and 
anew compound L was formed. L has a molecular ion in its mass spectrum at 90 and IR absorptions at 2992 and 2941 cm™. 

L shows three signals in its °C NMR at 19, 52, and 101 ppm. The 'H NMR spectrum of L is given below. What is the structure 
of L? 


1H NMR of L 


ppm 


Treatment of (CH3)sCHCH(OH)CH,CHs with TSOH affords two products (M and N) with molecular formula CgH;2. The 'H NMR 
spectra of M and N are given below. Propose structures for M and N and draw a mechanism to explain their formation. 


1H NMR of M 
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14.68 Compound O has molecular formula C;9H;20 and shows an IR absorption at 1687 cm. The 'H NMR spectrum of O is given 
below. What is the structure of O? 


1H NMR of O 


ppm 


1H NMR of P 


8 7 6 5 4 3 2 1 0 200 180 160 140 120 100 80 60 40 20 “0 
ppm ppm 


14.70 Treatment of 2-butanone (CH3COCH2CH,) with strong base followed by CHgI forms a compound Q, which gives a molecular ion 
in its mass spectrum at 86. The IR (> 1500 cm only) and 'H NMR spectrum of Q are given below. What is the structure of Q? 


1H NMR of Q 


% Transmittance 


0 
4000 3500 3000 2500 2000 1500 
Wavenumber (cm~') 


14.71 Low molecular weight esters (RCO.R) often have characteristic odors. Using its molecular formula and 'H NMR spectral data, 
identify each ester. 
a. Compound R, the odor of banana: C7H;40.; 'H NMR: 0.93 (doublet, 6 H}, 1.52 (multiplet, 2 H), 1.69 (multiplet, 1 H), 2.04 
(singlet, 3 H), and 4.10 (triplet, 2 H) ppm 
b. Compound S, the odor of rum: C7H;40.; 'H NMR: 0.94 (doublet, 6 H), 1.15 (triplet, 3 H), 1.91 (multiplet, 1 H), 2.33 (quartet, 
2 H), and 3.86 (doublet, 2 H) ppm 
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14.72 When 2-bromo-3,3-dimethylbutane is treated with K* “OC(CHs)s, a single product T having molecular formula CgH,2 is formed. 
When 3,3-dimethyl-2-butanol is treated with H2SO,, the major product U has the same molecular formula. Given the following 
1H NMR data, what are the structures of T and U? Explain in detail the splitting patterns observed for the three split signals in T. 


1H NMR of T: 1.01 (singlet, 9 H), 4.82 (doublet of doublets, 1 H, J = 10, 1.7 Hz), 4.93 (doublet of doublets, 1 H, 
J = 18, 1.7 Hz), and 5.83 (doublet of doublets, 1 H, J = 18, 10 Hz) ppm 
1H NMR of U: 1.60 (singlet) ppm 
14.73 Propose a structure consistent with each set of data. 


a. A compound X (molecular formula CsH1202) gives a strong peak in its IR spectrum at 1740 cm”. The 'H NMR spectrum of X 
shows only two singlets, including one at 3.5 ppm. The °C NMR spectrum is given below. Propose a structure for X. 


13¢ NMR of X 


eae RR CER De TREE OE FS LLL EN TION NPB NY FTO ETE 
200 180 160 140 120 100 80 60 40 20 0 
ppm 
b. A compound Y (molecular formula CsH10)} gives four lines in its °C NMR spectrum (27, 30, 67, and 93 ppm), and the IR 
spectrum given here. Propose a structure for Y. 
100-7 


50 


% Transmittance 


4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm™!) 


Challenge Problems 


14.74 Reaction of unknown A with HCI forms chlorohydrin B as the major product. A shows no absorptions in its IR spectrum 
at 1700 cm” or 3600-3200 cm”, and gives the following 'H NMR data: 1.4 (doublet, 3 H), 3.0 (quartet of doublets, 1 H), 
3.5 (doublet, 1 H), 3.8 (singlet, 3 H), 6.9 (doublet, 2 H), and 7.2 (doublet, 2 H) ppm. (a) Propose a structure for A, including 
stereochemistry. (b) Explain why B is the major product in this reaction. 


14.75 


14.76 


14.77 
14.78 


14.79 
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The 'H NMR spectrum of N,N-dimethylformamide shows three singlets at 2.9, 3.0, and 8.0 ppm. Explain why the two CHa 
groups are not equivalent to each other, thus giving rise to two NMR signals. 


oO 
il 
As. 
H *N(CH3)o 
N,N-dimethylformamide 
18-Annulene shows two signals in its 'H NMR spectrum, one at 8.9 (12 H) and one at -1.8 (6 H) ppm. Using a similar argument 


to that offered for the chemical shift of benzene protons, explain why both shielded and deshielded values are observed for 
18-annulene. 


18-annulene 


Explain why the SC NMR spectrum of 3-methyl-2-butanol shows five signals. 


Since °'P has an odd mass number, *'P nuclei absorb in the NMR and, in many ways, these nuclei behave similarly to protons 
in NMR spectroscopy. With this in mind, explain why the 'H NMR spectrum of methyl dimethylphosphonate, CH;3PO(OCHs)2, 
consists of two doublets at 1.5 and 3.7 ppm. 


2-Cyclohexenone has two protons on its carbon-carbon double bond (labeled Ha and H,) and two protons on the carbon 
adjacent to the double bond (labeled Ho). (a) If Jaa = 11 Hz and Jp, = 4 Hz, sketch the splitting pattern observed for each proton 
on the sp hybridized carbons. (b) Despite the fact that Ha is located adjacent to an electron-withdrawing C= O, its absorption 
occurs upfield from the signal due to H, (6.0 vs. 7.0 ppm). Offer an explanation. 


2-cyclohexenone 


15.2 


15.3 
15.4 


15.5 


15.6 


15.7 


15.8 


15.9 


15.10 


15.11 


15.12 
15.13 


15.14 
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Introduction 


General features of 
radical reactions 


Halogenation of alkanes 


The mechanism of 
halogenation 


Chlorination of other 
alkanes 


Chlorination versus 
bromination 


Halogenation as a tool in 
organic synthesis 


The stereochemistry of 
halogenation reactions 


Application: The ozone 
layer and CFCs 


Radical halogenation at 
an allylic carbon 


Application: Oxidation of 
unsaturated lipids 


Application: Antioxidants 
Radical addition reactions 
to double bonds 
Polymers and 
polymerization 


Polystyrene, an inexpensive polymer synthesized from the monomer styrene, CsHs;CH=CHs;, is 
one of the six compounds—called the “Big Six"—that account for three-quarters of the syn- 
thetic polymers produced in the United States. The polystyrene foam used in packaging materi- 
als and drinking cups for hot beverages is called Styrofoam, a trademark of the Dow Chemical 
Company. Polystyrene is also used to form the housings of small kitchen appliances, televisions, 
computers, and CD cases. Although recycled polystyrene can be molded into trays and trash 
cans, the polystyrene used in food packaging and beverage cups is contaminated with food, 
making it difficult to clean and recycle. In Chapter 15, we learn about the synthesis of polymers 
like polystyrene. 
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A small but significant group of reactions involves the homolysis of nonpolar bonds 
to form highly reactive radical intermediates. Although they are unlike other organic reactions, 
radical transformations are important in many biological and industrial processes. The gases 
O, and NO (nitric oxide) are both radicals. This means that many oxidation reactions with O, 
involve radical intermediates, and biological processes mediated by NO such as blood clotting 
and neurotransmission may involve radicals. Many useful industrial products such as Styrofoam 
and polyethylene are prepared by radical processes. 


In Chapter 15 we examine the cleavage of nonpolar bonds by radical reactions. 


15.1 Introduction 


Radicals were first discussed in e A radical is a reactive intermediate with a single unpaired electron, formed by 
Section 6.3. homolysis of a covalent bond. 


ashe + s 


J pen 
E radicals J 


A radical contains an atom that does not have an octet of electrons, making it reactive and 
unstable. Radical processes involve single electrons, so half-headed arrows are used to show the 
movement of electrons. One half-headed arrow is used for each electron. 


Carbon radicals are classified as primary (1°), secondary (2°), or tertiary (3°) by the number 
of R groups bonded to the carbon with the unpaired electron. A carbon radical is sp” hybridized 
and trigonal planar, like sp? hybridized carbocations. The unhybridized p orbital contains the 
unpaired electron and extends above and below the trigonal planar carbon. 


| Classification of carbon radicals | The trigonal planar geometry of a carbon radical 
RCH, RCH Rac 1 oh 


The p orbital contains 
a single electron. 


I 2° 3° 


sp? hybridized 


Bond dissociation energies for the cleavage of C-H bonds are used as a measure of radical 
stability. For example, two different radicals can be formed by cleavage of the C-H bonds in 


CH3CH,CH3. 
ESA i 
CH3CH2CH>—H S CH3CH2CH2 T ‘H AH? =410 kJ/mol 
Î 1° radical 
1° H 
2°H —*cH 
I> . 
CHa-Ọ4CH, ———> CHa-Ċ-CH + :H AH? =397 kJ/mol 
H H 
2° radical 


Cleavage of the stronger 1° C-H bond to form the 1° radical (CH;CH,CH,") requires more 
energy than cleavage of the weaker 2° C-H bond to form the 2° radical [(CH3),CH*]—410 ver- 
sus 397 kJ/mol. This makes the 2° radical more stable, because less energy is required for its 
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Figure 15.1 


The relative stability of 1° 
and 2° carbon radicals 


The lower the bond dissociation 
energy for a C-H bond, the 
more stable the resulting 
carbon radical. 


15.2 


15.2A 


CH,CH,CH, less stable radical 
¥ radical CH3—CH-CH, more stable radical 
-) 2° radical f — 
More energy is added. Less energy is added. 
AH’ = +410 kJ/mol AH? = +397 kJ/mol 
CH3CHCH;3 CH3CH2CH3 


formation, as illustrated in Figure 15.1. Thus, cleavage of the weaker bond forms the more 
stable radical. This is a specific example of a general trend. 


e The stability of a radical increases as the number of alkyl groups bonded to the radical 
carbon increases. 


least stable CH, RCH, RCH RC "most stable 
-_ 1° 2° 3° n 


O 


Increasing alkyl substitution 
Increasing radical stability 


Thus, a 3° radical is more stable than a 2° radical, and a 2° radical is more stable than a 1° radical. 
Increasing alkyl substitution increases radical stability in the same way it increases carbocation 
stability. Alkyl groups are more polarizable than hydrogen atoms, so they can more easily donate 
electron density to the electron-deficient carbon radical, thus increasing stability. 


Unlike carbocations, however, less stable radicals generally do not rearrange to more stable 
radicals. This difference can be used to distinguish between reactions involving radical interme- 
diates and those involving carbocations. 


Classify each radical as 1°, 2°, or 3°. 5 
a. CH,CH,—-CHCH,CH, b. sills S c. Q d. Cy 


Draw the most stable radical that can result from cleavage of a C -H bond in each molecule. 


a. (CHs)2>CHCH2CHs b. (CHs)sCCH2CHs c. (CHs)4C d: (4 


General Features of Radical Reactions 


Radicals are formed from covalent bonds by adding energy in the form of heat (A) or light (Av). 
Some radical reactions are carried out in the presence of a radical initiator, a compound that 
contains an especially weak bond that serves as a source of radicals. Peroxides, compounds with 
the general structure RO-OR, are the most commonly used radical initiators. Heating a perox- 
ide readily causes homolysis of the weak O-O bond, forming two RO: radicals. 


Two Common Reactions of Radicals 


Radicals undergo two main types of reactions: they react with o bonds, and they add to 
T bonds, in both cases achieving an octet of electrons. 


Whenever a radical reacts with 
a stable single or double bond, 
a new radical is formed in the 


products. 


15.2B 


Problem 15.3 
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[1] Reaction of a Radical X: with a C-H Bond 


A radical X: abstracts a hydrogen atom from a C-H o bond to form H-X and a carbon 
radical. One electron from the C-H bond is used to form the new H-X bond, and the other 
electron in the C-H bond remains on carbon. The result is that the original radical X- is now sur- 
rounded by an octet of electrons, and a new radical is formed. 


e One electron comes from the radical. 

* One electron comes from the C-H bond, | 
| i; kar 
fa > Nki =0 + HX 
| l 


new radical 


This radical reaction is typically seen with the nonpolar C-H bonds of alkanes, which cannot 
react with polar or ionic electrophiles and nucleophiles. 


[2] Reaction of a Radical X: with a C=C 


A radical X: also adds to the x bond of a carbon-carbon double bond. One electron from the 
double bond is used to form a new C-X bond, and the other electron remains on the other carbon 
originally part of the double bond. 


e One electron comes from the radical. 
* One electron comes from the r bond. - 


:X ——— z 
EN = 


X: 
PA —— e 


new radical 


Although the electron-rich double bond of an alkene reacts with electrophiles by ionic addition mech- 
anisms, it also reacts with radicals because these reactive intermediates are also electron deficient. 


Two Radicals Reacting with Each Other 


A radical, once formed, rapidly reacts with whatever is available. Usually that means a stable © 
or T bond. Occasionally, however, two radicals come into contact with each other, and they react 
to form a © bond. 


ef Ww) 


Xt + iX: = :X-X: 


ma en 


_ One electron comes from each radical. 


The reaction of a radical with oxygen, a diradical in its ground state electronic configuration, is 
another example of two radicals reacting with each other. In this case, the reaction of O, with X° 
forms a new radical, thus preventing X' from reacting with an organic substrate. 


, Oz is a radical inhibitor. g-a Y g: —— .6-6-%: 


a diradical 


Compounds that prevent radical reactions from occurring are called radical inhibitors or 
radical scavengers. Besides O,, vitamin E and related compounds, discussed in Section 15.12, 
are radical scavengers, too. The fact that these compounds inhibit a reaction often suggests that 
the reaction occurs via radical intermediates. 


Draw the products formed when a chlorine atom (CI) reacts with each species. 
a. CH,—CH, b. CH=CH; c. Ël- d. O2 
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15.3 Halogenation of Alkanes 


In the presence of light or heat, alkanes react with halogens to form alkyl halides. Haloge- 
nation is a radical substitution reaction, because a halogen atom X replaces a hydrogen via a 
mechanism that involves radical intermediates. 


X substitutes for H. 


General reaction— | | T 
Halogenatlon of alkanes Ei. TAa A Bi + HX  X=ClorBr 


alkyl halide 


Halogenation of alkanes is useful only with Cl, and Brz. Reaction with F, is too violent and 
reaction with I, is too slow to be useful. With an alkane that has more than one type of hydrogen 
atom, a mixture of alkyl halides may result (Reaction [3]). 


When asked to draw the | Examples | à g 


products of halogenation of | I 
an alkane, draw the products N Hegek + Ch aa E H= 
of monohalogenation only, H 


unless specifically directed to Br 
do otherwise. [2] © + Bo > Cy + HB? 
: hvorA 


— 
hv or à 


[3] 2 CH3CH2CH3 +t 2 Clo TUOVA CH3CH2CH,C! F CHa GH-CHs + 2 H-Cl 
Cl 
1 f 1 


In these examples of halogenation, a halogen has replaced a single hydrogen atom on the alkane. 
Can the other hydrogen atoms be replaced, too? Figure 15.2 shows that when CH, is treated with 
excess Cl, all four hydrogen atoms can be successively replaced by Cl to form CCl,. Mono- 
halogenation—the substitution of a single H by X—can be achieved experimentally by adding 
halogen X; to an excess of alkane. 


Figure 15.2 1H replaced 2 H’s replaced 3 H’s replaced 4 H’s replaced 
Complete halogenation of Cl | Cl, | Clo l Clo | 
CH, using excess Cl, CH, ee CHCl =- CHCl =" CHCl, aa" CCl, 
+ + + + 
HCI HCI HCI HCI 


Sample Problem 15.1 Draw all the constitutional isomers formed by monohalogenation of (CH;)2>CHCH2CHg with Clp and hv. 


Solution 

Substitute Cl for H on every carbon, and then check to see if any products are identical. The 
starting material has five C’s, but replacement of one H atom on two C’s gives the same product. 
Thus, (CH3)2>CHCH,CH, affords four monochloro substitution products. 


go git çh qh 
CH3CH2—CH-CH3 T" CICHCH2—CH-CH} + CHg—GH-CH-CHsg + CHaCH2-Ọ-CH; 
Cl Cl 
1-chloro-3-methyl- 2-chloro-3-methyl- 2-chloro-2-methyl- 
butane , butane butane 
ÇH2=CI ÇHs 
+ CH3CH,-CH-CH, + CHgCH,-CH—-CH,-Cl 
1-chloro-2-methyl- 1-chloro-2-methyl- 
butane butane 
' Same name 


| Identical compounds ; 
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Problem 15.4 Draw all constitutional isomers formed by monochlorination of each alkane. 


a. AO b. CH3CH,CHs,CH,CH,CHg c. (CH3)3CH 

Problem 15.5 Compounds A and B are isomers having molecular formula CsH,2. Heating A with Cl, gives a 
single product of monohalogenation, whereas heating B under the same conditions forms three 
constitutional isomers. What are the structures of A and B? 


15.4 The Mechanism of Halogenation 


Unlike nucleophilic substitution, which proceeds by two different mechanisms depending on the 
starting material and reagent, all halogenation reactions of alkanes—regardless of the halogen 
and alkane used—proceed by the same mechanism. Three facts about halogenation suggest that 
the mechanism involves radical, not ionic, intermediates. 


Fact Explanation 


[1] Light, heat, or added peroxide is necessary œ Light or heat provides the energy needed for 
for the reaction. homolytic bond cleavage to form radicals. 
Breaking the weak O-O bond of peroxides 
initiates radical reactions as well. 


[2] Oz inhibits the reaction. e The diradical O) removes radicals from a 
reaction mixture, thus preventing reaction. 


[3] No rearrangements are observed. e Radicals do not rearrange. 


15.4A The Steps of Radical Halogenation 


The chlorination of ethane illustrates the three distinct parts of radical halogenation (Mecha- 


nism 15.1): 
Overall CHaCH, + Cl = — CH.CH.CI + HCI 
reaction ae ? bvorA are 


e Initiation: Two radicals are formed by homolysis of a o bond and this begins the reaction. 

e Propagation: A radical reacts with another reactant to form a new o bond and another 
radical. 

e Termination: Two radicals combine to form a stable bond. Removing radicals from the 
reaction mixture without generating any new radicals stops the reaction. 
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ta Mechanism 15.1 Radical Halogenation of Alkanes 


Initiation 


Step [1] Bond cleavage forms two radicals. 


we Ox R 
Re! hv orA 


:Cl- + Cl: 


e Homolysis of the weakest bond in the starting materials requires 
energy from light or heat. 

e Thus, the Cl-Cl bond (AH° = 242 kJ/mol), which is weaker than 
either the C-C or C-H bond in ethane (AH® = 368 and 410 kJ/mol, 
respectively), is broken to form two chlorine radicals. 


Propagation 


Steps [2] and [3] One radical reacts and a new radical is formed. 


s 2 
CHadh XH Y ë: cai 


CHCl, Y G: aR 


Repeat Steps [2], [3], [2], 


Termination 


; iy sy. | ° The Ch radicals abstract a hydrogen atom from ethane (Step [2)). 
CH;CHa + | HOE | This forms H -CI and leaves one unpaired electron on carbon, 
generating the ethyl radical (CH3CHz’). 


¢ CHCH» abstracts a chlorine atom from Cl, (Step [3]), forming 
/CH3CH2-C:| + ğı:  CH3CH;CI and a new chlorine radical (CI). 
| nd e The Cl radical formed in Step [3] is a reactant in Step [2], so Steps 
product ; [2] and [3] can occur repeatedly without an additional initiation 
[3], again and again. reaction (Step [1]). 
e In each propagation step, one radical is consumed and one radical 
is formed. The two products—CH3CH2Cl and HCl—are formed 
during propagation. 


product 


Step [4] Two radicals react to form a o bond. 


es r 4 

B Yi 
NI [4b] 

CH3CH, + CH2CH3 a 


cHyCH, À Ye: H 


Problem 15.6 


CG: s To terminate the chain, two radicals react with each other in one of 
“eee se three ways (Steps [4a, b, and c]) to form stable bonds. 
CH3CHs—CH2CH3 


CH3CH,—Cl: 


Although initiation generates the Cl: radicals needed to begin the reaction, the propagation steps 
([2] and [3]) form the two reaction products—CH3CH,Cl and HCI. Once the process has begun, 
propagation occurs over and over without the need for Step [1] to occur. A mechanism such as 
radical halogenation that involves two or more repeating steps is called a chain mechanism. 
Each propagation step involves a reactive radical abstracting an atom from a stable bond to form 
a new bond and another radical that continues the chain. 


Usually a radical reacts with a stable bond to propagate the chain, but occasionally two radicals 
combine, and this reaction terminates the chain. Depending on the reaction and the reaction con- 
ditions, some radical chain mechanisms can repeat thousands of times before termination occurs. 


Termination Step [4a] forms Cl,, a reactant, whereas Step [4c] forms CH;CH,Cl, one of the reac- 
tion products. Termination Step [4b] forms CH;CH,—CH,CH3;, which is neither a reactant nor a 
desired product. The formation of a small quantity of CH3;CH,—-CH,CH3, however, is evidence 
that ethyl radicals are formed in the reaction. 


The most important steps of radical halogenation are those that lead to product formation— 
the propagation steps—so subsequent discussion of this reaction concentrates on these steps 
only. 


Using Mechanism 15.1 as a guide, write the mechanism for the reaction of CH, with Br to form 
CH3Br and HBr. Classify each step as initiation, propagation, or termination. 


15.4B 


Problem 15.7 


Problem 15.8 


Figure 15.3 

Energy changes in the 
propagation steps during the 
chlorination of ethane 


Figure 15.4 

Energy diagram for the 
propagation steps in the 
chlorination of ethane 
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Energy Changes During the Chlorination of Ethane 


Figure 15.3 shows how bond dissociation energies (Section 6.4) can be used to calculate AH° 
for the two propagation steps in the chlorination of ethane. Because the overall AH° is negative, 
the reaction is exothermic. Moreover, because the transition state for the first propagation step 
is higher in energy than the transition state for the second propagation step, the first step is rate- 
determining. Both of these facts are illustrated in the energy diagram in Figure 15.4. 


Calculate AH” for the two propagation steps in the reaction of CH, with Br to form CH3Br and HBr 
(Problem 15.6). 


Calculate AH° for the rate-determining step of the reaction of CH, with Ip. Explain why this result 
illustrates that this reaction is extremely slow. 


[1] CHsCH-H + Ël ——* CH,CH, + H-Gh 
t t 
bond formed 


—431 kJ/mol 


bond broken 


+410 kJ/mol 


AH°[1] = -21 kJ/mol 


[2] CH3CH, + :CI-Cl: ——> CH,CH,-Ck + ğı: 
Î 


bond broken bond formed 


+242 kJ/mol —339 kJ/mol AH?®[2] = -97 kJ/mol 
f i AH overat = AH°[1] + AH°[2] 
an exothermic reaction = -118 kJ/mol 
transition state [1] 


CHCH ee 
CH EPONA a ti 


transition state [2] 


CH3CH, + “Cl: 
AH°(1] 
CH,CH, + HCI + Cl 


AH overall 
AH?[2] 


CH,CH,CI + -Cl: 


Reaction coordinate 


e Because radical halogenation consists of two propagation steps, the energy diagram has two 


energy barriers. 


e The first step is rate-determining because its transition state is at higher energy. 
e The reaction is exothermic because AH’ overa is negative. 
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15.5 


Problem 15.9 


15.6 


Chlorination of Other Alkanes 


Recall from Section 15.3 that the chlorination of CH;CH,CH; affords a 1:1 mixture of 
CH3;CH,CH,Cl (formed by removal of a 1° hydrogen) and (CH3),CHCI (formed by removal of 
a 2° hydrogen). 


opens + Cl, ark CHCH CHCI + ai hii 
1° H's removal of a 1° H 
six 1° H’s two 2° H’s 
expected ratio 3 : 1 
observed ratio ‘| ; 1 


less of this product more of this product 


CH3CH,CH; has six 1° hydrogen atoms and only two 2° hydrogens, so the expected product ratio 
of CH;CH,CH,Cl to (CH3) CHCI (assuming all hydrogens are equally reactive) is 3:1. Because 
the observed ratio is 1:1, however, the 2° C—H bonds must be more reactive; that is, it must be 
easier to homolytically cleave a 2° C-H bond than a 1° C-H bond. Recall from Section 15.2 
that 2° C-H bonds are weaker than 1° C-H bonds. Thus, 


e The weaker the C-H bond, the more readily the hydrogen atom is removed in radical 


halogenation. 
bond strength 
ae T i aa Ao] 
| strongest C—H bond CH3—H R=G-H R-G-H R-Ç-H |. weakest C-H bond 
H H R 
1°C-H 2°C-H 3° G-H 


When alkanes react with Cl, a mixture of products results, with more product formed by cleavage 
of the weaker C-H bond than you would expect on statistical grounds. 


Which C-H bond in each compound is most readily broken during radical halogenation? 


a. Tr b. cy c. CHsCH,CH,CH, 


Chlorination versus Bromination 


Although alkanes undergo radical substitution reactions with both Cl, and Br), chlorination and 
bromination exhibit two important differences: 


e Chlorination is faster than bromination. 


e Although chlorination is unselective, yielding a mixture of products, bromination is 
often selective, yielding one major product. 


15.6 Chlorination versus Bromination 567 


For example, propane reacts rapidly with Cl, to form a 1:1 mixture of 1° and 2° alkyl chlorides. 
On the other hand, propane reacts with Br. much more slowly and forms 99% (CH3) CHBr. 


Sample Problem 15.2 


Problem 15.10 


1° alkyl halide 2° alkyl halide 
| | | | 
CH3CH2CH3; + Clo Foor CH3CH2CH2Cl + CH3-CH-CH3 Chlorination is fast 
41 ` and unselective. 
propane 
1 : 1 
CH3CH2CH3; + Br TA CH3CH2CH,Br + CH3-CH-CH3  Bromination is slow 
br - and selective. 
propane 
1% 99% 


e In bromination, the major (and sometimes exclusive) product results from cleavage of 
the weakest C -H bond. 


Draw the major product formed when 3-ethyipentane is heated with Bro. 


Solution 

Keep in mind: the more substituted the carbon atom, the weaker the C-H bond. The major 
bromination product in 3-ethylpentane is formed by cleavage of the sole 3° C- H bond, its 
weakest C-H bond. 


CHCH; m CH2CHg 
CH,CH,—C—CH,CH, at CH,CH,—G-CH,CHg 
H Br 


3-ethylpentane major product 


3° C-H 
weakest C-H bond 


Draw the major product formed when each cycloalkane is heated with Bro. 


TOS VORi OH a >< 


To explain the difference between chlorination and bromination, we return to the Hammond postulate 
(Section 7.15) to estimate the relative energy of the transition states of the rate-determining steps of 
these reactions. The rate-determining step is the abstraction of a hydrogen atom by the halogen 
radical, so we must compare these steps for bromination and chlorination. Keep in mind: 


e Transition states in endothermic reactions resemble the products. The more stable 
product is formed faster. 

e Transition states in exothermic reactions resemble the starting materials. The relative 
stability of the products does not greatly affect the relative energy of the transition 
states, so a mixture of products often results. 
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Bromination: CH3CH,CH3 + Br 


A bromine radical can abstract either a 1° or a 2° hydrogen from propane, generating either a 1° 
radical or a 2° radical. Calculating AH? using bond dissociation energies reveals that both reac- 
tions are endothermic, but it takes less energy to form the more stable 2° radical. 


CH3CH,CHa=-H + -Bre ———> CH,CH,CH, + HBr: AH? = +42 kJ/mol 
j 1° radical | | 
_ 1° C-H bond broken bond formed _ ma 
+410 kJ/mol -368 kJ/mol | endothermic reaction | 
4 | 
CHs—C—CH, + Èr ——> CHs~C—CHy + HBr AH? = +29 kJ/mol 
AH H 
2° C-H bond broken 2° radical —_| bond formed | 
more stable —368 kJ/mol 


+397 kJ/mol 


According to the Hammond postulate, the transition state of an endothermic reaction resembles 
the products, so the energy of activation to form the more stable 2° radical is lower and it is 
formed faster, as shown in the energy diagram in Figure 15.5. Because the 2° radical [(CH3),CH'] 
is converted to 2-bromopropane [(CH3),CHBr] in the second propagation step, this 2° alkyl 
halide is the major product of bromination. 


e Conclusion: Because the rate-determining step in bromination is endothermic, the 
more stable radical is formed faster, and often a single radical halogenation product 
predominates. 


Figure 15.5 more stable less stable 


; transition state transition state 
Energy diagram for a 


selective endothermic 
reaction: CH3CH2CH3 + Br: > 
CH3CH2CH7 or (CH3)2CH’ + HBr 


CH,CH,CH, + HBr less stable 1° radical 


Cla “G-Ctl, + HBr more stable 2° radical — 
f 
f H 


CH3CH2CH3 —— slower reaction 
HERB —— faster reaction 


Reaction coordinate 


è The transition state to form the less stable 1° radical (CH3CH2CHo’) is higher in energy than the 
transition state to form the more stable 2° radical [(CH3)2CH’]. Thus, the 2° radical is formed 
faster. 


Problem 15.11 


Figure 15.6 


Energy diagram for a 
nonselective exothermic 
reaction: CH3CH2CH3 + Cl > 
CH3CH2CH," or (CH3)oCH: + HCI 
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Chlorination: CH3CH CH; + Cl, 


A chlorine radical can also abstract either a 1° or a 2° hydrogen from propane, generating either 
a 1° radical or a 2° radical. Calculating AH° using bond dissociation energies reveals that both 
reactions are exothermic. 


CH CHCHaem + -Cl: > CH,CH.CH, + Hate AH? =-21 kJ/mol 
1° radical - —" | 
1° C-H bond broken | | bond formed | 
+410 kJ/mol —431 kJ/mol _ exothermic reaction | 
j 
CHs~C—-CHg + G = CHy~C—CHg + Heo AH? = —34 kJ/mol 
mai a i ; 
5 r ERRE N o bond formed 
2° C-H bond broken | 2° radical | 
. J —431 kJ/mol 


+397 kJ/mol 


Because chlorination has an exothermic rate-determining step, the transition state to form both 
radicals resembles the same starting material, CH;CH,CH3. As a result, the relative stability 
of the two radicals is much less important and both radicals are formed. An energy diagram 
for these processes is drawn in Figure 15.6. Because the 1° and 2° radicals are converted to 
1-chloropropane (CH;CH,CH,Cl) and 2-chloropropane [(CH;) CHCI], respectively, in the sec- 
ond propagation step, both alkyl halides are formed in chlorination. 


¢ Conclusion: Because the rate-determining step in chlorination is exothermic, the 
transition state resembles the starting material, both radicals are formed, and a mixture 
of products results. 


Reaction of (CH3)3CH with Clp forms two products: (CH3)2,CHCH,C! (63%) and (CH3)3CCl (37%). 
Why is the major product formed by cleavage of the stronger 1° C-H bond? 


The transition states for both reactions are 
similar in energy, so both radicals are formed. 


j CH3CH2CH3 + Ci? m —— 
CH,CH,CH, + HCI less stable 1° radical _ 


CHs—C—CHg + HCI more stable 2° radical | 
i [E 


—.————— ——O 


Reaction coordinate 
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15.7 


Sample Problem 15.3 


Problem 15.12 


Problem 15.13 


15.8 


Halogenation as a Tool in Organic Synthesis 


Halogenation is a useful tool because it adds a functional group to a previously unfunctional- 
ized molecule, making an alkyl halide. These alkyl halides can then be converted to alkenes by 
elimination, and to alcohols and ethers by nucleophilic substitution. 


Show how cyclohexane can be converted to cyclohexene by a stepwise sequence. 


O- O 
cyclohexane cyclohexene 


Solution 
There is no one-step method to convert an alkane to an alkene. A two-step method is needed: 


[1] Radical halogenation produces an [2] Elimination of HCI with a strong base 
alkyl halide. produces cyclohexene. 


Clo el ci K* -OC(CH3)3 
— > — ao 
hv 


Synthesize each compound from (CH3)3CH. 
a. (CHg)3CBr b. (CH3)2C = CH3 c. (CH3)3COH d. (CHa)2C(CI)CH;CI 


Show all steps and reagents needed to convert cyclohexane into each compound: (a) the two 
enantiomers of trans-1,2-dibromocyclohexane; and (b) 1,2-epoxycyclohexane. 


The Stereochemistry of Halogenation Reactions 


The stereochemistry of a reaction product depends on whether the reaction occurs at a stereo- 
genic center or at another atom, and whether a new stereogenic center is formed. The rules pre- 
dicting the stereochemistry of reaction products are summarized in Table 15.1. 


Table 15.1 Rules for Predicting the Stereochemistry of Reaction Products a 


Starting material Result 


Achiral e An achiral starting material always gives either an 
achiral or a racemic product. 


Chiral e |f areaction does not occur at a stereogenic center, 
the configuration at a stereogenic center is retained 
in the product. 


e if a reaction occurs at a stereogenic center, 
we must know the mechanism to predict the 
stereochemistry of the product. 
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15.8A Halogenation of an Achiral Starting Material 


Halogenation of the achiral starting material CH;CH,CH,CH; forms two constitutional iso- 
mers by replacement of either a 1° or 2° hydrogen. 


new stereogenic center 


H 
| 

CH3CH,CH2CH3 + Clo ale CH3CHszCH,CH,-Cl + CHg~G—CH2CHg 
butane 1-chlorobutane Cl 


achiral product 2-chlorobutane 


Cl CI H 
A + \; 
“CH,CH, CHs~ ~CH,CHg 


two enantiomers 


e 1-Chlorobutane (CH;CH,CH,CH,Cl) has no stereogenic center and thus it is an achiral 
compound. 

e 2-Chlorobutane [CH;CH(CI)CH,CH3] has a new stereogenic center, and so an equal 
amount of two enantiomers must form—a racemic mixture. 


A racemic mixture results when a new stereogenic center is formed because the first propagation 
step generates a planar, sp” hybridized radical. Cl, then reacts with the planar radical from 
either the front or back side to form an equal amount of two enantiomers. 
H Cl 
Ciz \ 
(from the back) CH SCH,CH; 


planar radical 
(2S)-2-chlorobutane 


enantiomers 


HH m H 
Kua cat 

— 
CH5 ~ ~CH,CH; CH4 * ~CHsCH, 


butane x 7 CI H 
Cl, reacts from either side. S 
+ HCI (from the front) CH os CHCH 


(2R)-2-chlorobutane 


Thus, the achiral starting material butane forms an achiral product (1-chlorobutane) and a race- 
mic mixture of two enantiomers [(2R)- and (2S)-2-chlorobutane]. 


15.8B Halogenation of a Chiral Starting Material 


Let’s now examine chlorination of the chiral starting material (2R)-2-bromobutane at C2 and C3. 


co XP c 
PsN 3 
CH; ~CH,CH, 


(2R)-2-bromobutane 
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Problem 15.1 


Problem 15.15 


Chlorination at C2 occurs at the stereogenic center. Abstraction of a hydrogen atom at C2 
forms a trigonal planar sp? hybridized radical that is now achiral. This achiral radical then reacts 
with Cl, from either side to form a new stereogenic center, resulting in an equal amount of two 
enantiomers—a racemic mixture. 


z = Cl Br 
Attack at C2— Ch \ 
the stereogenic center (rom the front) CHS CH,CH, 


Br H = Br — 
4 "GF -enanti 
Ben > er _ enantiomers 
CHs + CH.CHg CH% ~CH2CH, = 
r 
C2 planar achiral radical NF 
G 
+ HCl (from the back) CH ~CH,CH, 


e Radical halogenation reactions occur with racemization at a stereogenic center. 


Chlorination at C3 does not occur at the stereogenic center, but it forms a new stereogenic 
center. Because no bond is broken to the stereogenic center at C2, its configuration is retained 
during the reaction. Abstraction of a hydrogen atom at C3 forms a trigonal planar sp” hybridized 
radical that still contains this stereogenic center. Reaction of the radical with Cl, from either side 
forms a new stereogenic center, so the products have two stereogenic centers: the configura- 
tion at C2 is the same in both compounds, but the configuration at C3 is different, making them 
diastereomers. 


Br H 
ss Gly ot CH 
Attack at C3 (from the front) chy H 

Br H i Br H ci H 

\: Cl = ot 
cH ~g OH CH Ti dai _ diastereomers | 
2 H | p 
H H Br H 

The configuration at C2 is retained. + HCI Cl, 6. CH 
(from the back) CH3~*~C~ ~ 3 

H Cl 


[* denotes a stereogenic center] 


Thus, four isomers are formed by chlorination of (2R)-2-bromobutane at C2 and C3. Attack at 
the stereogenic center (C2) gives a product with one stereogenic center, resulting in a mixture 
of enantiomers. Attack at C3 forms a new stereogenic center, giving a mixture of diastereomers. 


What products are formed from monochiorination of (2R)-2-bromobutane at C1 and C4? Assign R 
and S designations to each stereogenic center. 


Draw the monochlorination products formed when each compound is heated with Clo. Include the 
stereochemistry at any stereogenic center. 


a. CHsCH,CH,CH»CH, b. [>—CH, c. (CHgCH,)3CH d. A a 


(Consider attack at 
C2 and C3 only.) 
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The 1995 Nobel Prize in 
Chemistry was awarded to 
Mario Molina, Paul Crutzen, 
and F. Sherwood Rowland for 
their work in elucidating the 
interaction of ozone with CFCs. 
What began as a fundamental 
research project turned out to 
have important implications in 
the practical world. 


Propane and butane are now 
used as propellants in spray 
cans in place of CFCs. 


Sept. 12, 2011 
Ozone (Dobson Units) 


100 200 300 400 500 


O; destruction is most severe 
in the region of the South Pole, 
where a large ozone hole is 
visible with satellite imaging. 
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Application: The Ozone Layer and CFCs 


Ozone is formed in the upper atmosphere by reaction of oxygen molecules with oxygen atoms. 
Ozone is also decomposed with sunlight back to these same two species. The overall result of 
these reactions is to convert high-energy ultraviolet light into heat. 


| The synthesis and decomposition of O, in the upper atmosphere | 


O, + OG: ——> O + heat 


Ozone is vital to life; it acts like a shield, protecting the earth’s surface from destructive 
ultraviolet radiation. A decrease in ozone concentration in this protective layer would have 
some immediate consequences, including an increase in the incidence of skin cancer and 
eye cataracts. Other long-term effects include a reduced immune response, interference with 
photosynthesis in plants, and harmful effects on the growth of plankton, the mainstay of the 
ocean food chain. 


Current research suggests that chlorofluorocarbons (CFCs) are responsible for destroying 
ozone in the upper atmosphere. CFCs are simple halogen-containing organic compounds manu- 
factured under the trade name Freons. 


@ ə eo 


CFCl, CF2Cl, 
trichlorofluoromethane dichlorodifluoromethane 
CFC 11 CFC 12 
Freon 11 Freon 12 


CFCs are inert, odorless, and nontoxic, and they have been used as refrigerants, solvents, and 
aerosol propellants. Because CFCs are volatile and water insoluble, they readily escape into the 
upper atmosphere, where they are decomposed by high-energy sunlight to form radicals that 
destroy ozone by the radical chain mechanism shown in Figure 15.7. 


The overall result is that O; is consumed as a reactant and O, molecules are formed. In this way, 
a small amount of CFC can destroy a large amount of O3. These findings led to a ban on the use 
of CFCs in aerosol propellants in the United States in 1978 and to the phasing out of their use in 
refrigeration systems. 


Newer alternatives to CFCs are hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons 
(HFCs) such as CH,FCF3. These compounds have many properties in common with CFCs, but 
they are largely decomposed by HO: before they reach the stratosphere and therefore they have 
little impact on stratospheric O3. 


> H-6! Y WCurcr, — > H-O-H + -CHFCF, 
. | 


This HFC is decomposed before 
CH2FCF3 it reaches the stratosphere. 


HFC-134a 
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Figure 15.7 


CFCs and the 
destruction 
of the ozone layer 


Problem 15.16 


15.10 


The position of the atoms and 
the o bonds stays the same in 
drawing resonance structures. 
Resonance structures differ in 
the location of only n bonds 
and nonbonded electrons. 


Initiation: CFCs are decomposed by 
sunlight to form chlorine radicals. 


f y os h oh, 
Cs daa egal CFC, ~2¥> -CFC + -Gi: 


Propagation: Ozone is destroyed by a 
chain reaction with radical intermediates. 


Ck + O — :I-O- + O, 


e The chain reaction is initiated by 
homolysis of a C- Cl bond in CFCl3. 

e Propagation consists of two steps. 
Reaction of Cl with O3 forms 
chlorine monoxide (ClO°), which 
reacts with oxygen atoms to form 
O; and Cl. 


Nitric oxide, NO’, is another radical also thought to cause ozone destruction by a similar mechanism. 
One source of NO: in the stratosphere is supersonic aircraft whose jet engines convert small amounts 
of Nz and O; to NO'. Write the propagation steps for the reaction of O3 with NO’. 


Radical Halogenation at an Allylic Carbon 


Now let’s examine radical halogenation at an allylic carbon—the carbon adjacent to a double 
bond. Homolysis of the allylic C-H bond of propene generates the allyl radical, which has an 
unpaired electron on the carbon adjacent to the double bond. 


CH,=CH-CHs-H ——* CH,=CH-CH, + ‘H AH? = +364 kJ/mol 


allyl radical 
allylic C —H bond 


The bond dissociation energy for this process (364 kJ/mol) is even less than that for a 3° C-H 
bond (381 kJ/mol), Because the weaker the C-H bond, the more stable the resulting radical, an 
allyl radical is more stable than a 3° radical, and the following order of radical stability results: 


least stable CH, | RCH, RoCH RC CH,=CH-CH> | most stable 


ae 2 3° allyl radical 


The allyl radical is more stable than other radicals because two resonance structures can be 
drawn for it. 


EHUR, —>  CH,-CH=CH, Sh =cH-0H, 


two resonance structures for the allyl radical hybrid 
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e The “true” structure of the allyl radical is a hybrid of the two resonance structures. In 
the hybrid, the z bond and the unpaired electron are delocalized. 


¢ Delocalizing electron density lowers the energy of the hybrid, thus stabilizing the allyl 
radical. 


Problem 15.17 Draw a second resonance structure for each radical. Then draw the hybrid, 


a. CH,;CH=CH-CH, b. © c. ( y N d. O 5 


15.10A Selective Bromination at Allylic C-H Bonds 


Because allylic C—H bonds are weaker than other sp? hybridized C-H bonds, the allylic carbon 
can be selectively halogenated by using N-bromosuccinimide (NBS, Section 10.15) in the pres- 
ence of light or peroxides. Under these conditions only the allylic C-H bond in cyclohexene 
reacts to form an allylic halide, 


O 
NBS 
Q hv or ROOR Pp 
t Br O 
allylic C allylic halide N-bromosuccinimide 


Substitution occurs 
only at the allylic C. 


NBS contains a weak N -Br bond that is homolytically cleaved with light to generate a bromine 
radical, initiating an allylic halogenation reaction. Propagation then consists of the usual two 
steps of radical halogenation as shown in Mechanism 15.2. 


{> Mechanism 15.2 Allylic Bromination with NBS 


Initiation 


Step [1] Cleavage of the N- Br bond forms two radicals. 


Ọ (0) 
Os: R No + Ër ¢ The reaction begins with homolysis of the weak N- Br bond 
A} hy a in NBS using light energy. This generates a Br: radical that 
O oO begins the radical halogenation process. 
NBS 


Propagation 
Steps [2] and [3] One radical reacts and a new radical is formed in each step. 


~~ st 2 ws 
Ca Y Jir: B, (Y + H—Br: e The Br: radical abstracts an allylic hydrogen atom to afford an 


allylic radical in Step [2]. (Only one Lewis structure of the allylic 


allylic radical radical is drawn.) 
e The allylic radical reacts with Br. in the second propagation 
{gn a mEn Br: step to form the product of allylic halogenation. Because the Br: 
F i radical formed in Step [3] is also a reactant in Step [2], Steps [2] 


on NBS) and [3] repeatedly occur without the need for Step [1]. 
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A low concentration of Br. 
(from NBS) favors allylic 
substitution (over addition) 

in part because bromine is 
needed for only one step of the 
mechanism. When Br, adds 

to a double bond, a low Brz 
concentration would first form 
a low concentration of bridged 
bromonium ion (Section 10.13), 
which must then react with 
more bromine (in the form of 
Br) in a second step to form a 
dibromide. If concentrations 
of both intermediates — 
bromonium ion and Br— 

are low, the overall rate of 
addition is very slow. 


Problem 


15.18 


15.10B 
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Besides acting as a source of Br' to initiate the reaction, NBS generates a low concentration of 
Br, needed in the second chain propagation step (Step [3] of the mechanism). The HBr formed 
in Step [2] reacts with NBS to form Br2, which is then used for halogenation in Step [3] of the 


mechanism. 
O Ọ 
N—Br + HBr ——> co + Bro 
10) (0) 
NBS succinimide 


used in Step [3] of 
allylic bromination 


Thus, an alkene with allylic C-H bonds undergoes two different reactions depending on the 


reaction conditions. 
Br em 
Bro | Addition | 
| via ionic intermediates 
Br" . , 


Q vicinal dibromide 


3 


NBS 
hy or ROOR 


Substitution 
via radical intermediates 


Br 
allylic bromide 


¢ Treatment of cyclohexene with Br, (in an organic solvent like CC14) leads to addition via 
ionic intermediates (Section 10.13). 


e Treatment of cyclohexene with NBS (+ hv or ROOR) leads to allylic substitution, via radi- 
cal intermediates. 


Draw the products of each reaction. 


Br 
a. D pea b. CH,=CH-CH, a c. CH,=CH-CH; ———> 


Product Mixtures in Allylic Halogenation 


Halogenation at an allylic carbon often results in a mixture of products. For example, bromination 
of 1-butene under radical conditions forms a mixture of 3-bromo-1-butene and 1-bromo-2-butene. 


NBS 


CH2=CHCH2CH, iv or ROOR 


GHZ CHGHEHs + 
Br 


3-bromo-1-butene 


BrCH,CH=CHCHs; 


1-butene 1-bromo-2-butene 


A mixture is obtained because the reaction proceeds by way of a resonance-stabilized radical. 
Abstraction of an allylic hydrogen from 1-butene with a Br: radical (from NBS) forms an allylic 
radical for which two different Lewis structures can be drawn. 


two nonidentical resonance structures 


3° 5° 
CH,==CH=CHCH, 


CH»=CHCHCHs —> CH,=CHCHCH, <—> CH»—CH=CHCH, + H-Br: 
as i 
4 Mie [Br [Br hybrid 
CHj=CHCHCH, + BrCH,CH=CHCH, + ‘Br: 
Br 


3-bromo-1-butene 1-bromo-2-butene 


Sample Problem 15.4 


Problem 15,19 


Probiem 15.20 


Problem 15.21 


15.11 
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As a result, two different C atoms have partial radical character (indicated by 5’), so that Br, reacts 
at two different sites and two allylic halides are formed. 


e Whenever two different resonance structures can be drawn for an allylic radical, two 
different allylic halides are formed by radical substitution. 


Draw the products formed when A is treated with NBS + Av, 


Solution 
Hydrogen abstraction at the allylic C forms a resonance-stabilized radical (with two different 
resonance structures) that reacts with Br. to form two constitutional isomers as products. 


two resonance structures two constitutional isomers 
Bro 
CH, e CH3 e CH, 
EENE S a : 
H ‘Bri | Br 
ve. + 
A HBr 
Bro 
CH3 -_— CH,Br 


Draw all constitutional isomers formed when each alkene is treated with NBS + hv. 


a. CHsCH=CHCH, b. ( ge c. CH=C(CH;CH)2 
3 


Draw the structure of the four allylic halides formed when 3-methylcyclohexene undergoes allylic 
halogenation with NBS + hv. 


Which compounds can be prepared in good yield by allylic halogenation of an alkene? 


Br 
a. OL. b. CH3CH,CH=CHCH,Br cell os 


Application: Oxidation of Unsaturated Lipids 


Oils—triacylglycerols having one or more sites of unsaturation in their long carbon chains—are 
susceptible to oxidation at their allylic carbon atoms. Oxidation occurs by way of a radical chain 
mechanism, as shown in Figure 15.8. 


e Step [1] Oxygen in the air abstracts an allylic hydrogen atom to form an allylic radical 
because the allylic C—H bond is weaker than the other C—H bonds. 

e Step [2] The allylic radical reacts with another molecule of O, to form a peroxy radical. 

e Step [3] The peroxy radical abstracts an allylic hydrogen from another lipid molecule to 
form a hydroperoxide and another allylic radical that continues the chain. Steps [2] and [3] 
can repeat again and again until some other radical terminates the chain. 


The hydroperoxides formed by this process are unstable and decompose to other oxidation prod- 
ucts, many of which have a disagreeable odor and taste. This process turns an oil rancid. 
Unsaturated lipids are more easily oxidized than saturated ones because they contain weak 
allylic C-H bonds that are readily cleaved in Step [1] of this reaction, forming resonance- 
stabilized allylic radicals. Because saturated fats have no double bonds and thus no weak allylic 
C-H bonds, they are much less susceptible to air oxidation, resulting in increased shelf life of 
products containing them. 
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Figure 15.8 
The oxidation of unsaturated R= se 


i 
O R Š 
lipids with Oz O 
o 
R' a 6-6) 
Baal 
Oo 


R= Z a 
+ ©=0—=H 
triacylglycerol 5 f 


-= = an allylic carbon al 6-6 allylic radical 


azo S 


another a es, H Cc. | peroxy radical 
[3] 


allylic C-H bond 


of lipid Ò 


iS a 


R= sh k 2, 
ee See ae 


. hydroperoxide allylic radical 
other oxidation products 


This allylic radical continues the 
chain, Steps [2] and [3] can 
be repeated again and again. 


e Oxidation is shown at one allylic carbon only. Reaction at the other labeled allylic carbon is also possible. 


Jorn 13,22 Which C-H bond is most readily cleaved in linoleic acid? Draw all possible resonance structures 
for the resulting radical. Draw all the hydroperoxides formed by reaction of this resonance- 
stabilized radical with Oo. 


S linoleic acid 


15.12 Application: Antioxidants 


An antioxidant is a compound that stops an oxidation reaction from occurring. 


Cell Protecto 
Vive 


Ae tS e Naturally occurring antioxidants such as vitamin E prevent radical reactions that can cause 
Eo cell damage. 

e Synthetic antioxidants such as BHT—butylated hydroxy toluene—are added to packaged 
and prepared foods to prevent oxidation and spoilage. 


OH 


The purported health benefits 
of antioxidants have made 
them a popular component in 


anti-aging formulations. vitamin E BHT 
(butylated hydroxy toluene) 


CH; 
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Vitamin E and BHT are radical inhibitors, so they terminate radical chain mechanisms by reacting 
with radicals. How do they trap radicals? Both vitamin E and BHT use a hydroxy group bonded 
to a benzene ring—a general structure called a phenol. 


Radicals (R’) abstract a hydrogen atom from the OH group of an antioxidant, forming a new 
resonance-stabilized radical. This new radical does not participate in chain propagation, but 
rather terminates the chain and halts the oxidation process. All phenols (including vitamin E and 
BHT) inhibit oxidation by this radical process. 


General structural feature of 


ECI GUST, | 
| many antioxidants | R: abstracts the H atom from the OH group. | 


Hazelnuts, almonds, Z 
and many other hydroxy ——>: oy YA 
types of nuts are an group 
excellent source of benzene ring —> 
the natural antioxidant 
vitamin E. phenol 
=a general organic radical five resonance structures + R—H 


The many nonpolar C-C and C-H bonds of vitamin E make it fat soluble, and thus it dissolves 
in the nonpolar interior of the cell membrane, where it is thought to inhibit the oxidation of the 
unsaturated fatty acid residues in the phospholipids. Oxidative damage to lipids in cells via radi- 
cal mechanisms is thought to play an important role in the aging process. For this reason, many 
anti-aging formulas with antioxidants like vitamin E are now popular consumer products. 


Problem 15.23 Which of the following compounds might be an antioxidant? 


e w > ) y o < y =) 
oe vo eo Oe, EPO PE DE 
a -6 @@ ~ bv@® OÇ, oo e yi 
v 
. @@ oð CAE @®%. 
@@ a a ù d 


15.13 Radical Addition Reactions to Double Bonds 


We now turn our attention to the second common reaction of radicals, addition to double bonds. 
Because an alkene contains an electron-rich, easily broken m bond, it reacts with an electron- 
deficient radical. 


X A X: 
Ye / ———— —ġ-ċ— 
PTA [ 

The x bond is broken. new radical 


Radicals react with alkenes via a radical chain mechanism that consists of initiation, propaga- 
tion, and termination steps analogous to those discussed previously for radical substitution. 


15.13A Addition of HBr 


HBr adds to alkenes to form alkyl bromides in the presence of light, heat, or peroxides. 


| General reaction— ek Id 
| Radical addition of HBr FA * We war “Gee 
| ROOR H Br <— HBris added. 


This z bond is broken. alkyl bromide 
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The regioselectivity of addition to an unsymmetrical alkene is different from the addition of HBr 
without added light, heat, or peroxides. 


HB mi i 
=i Chay ew 
Br H  <— H bonds to the less substituted C. 
CH3 H 
\ 2-b 
be romopropane 
/ \ 
H H 
HB ni Hi 
r 
maoe OMe geh 
ROOR H Br <— Br bonds to the less substituted C. 


1-bromopropane 


e HBr addition to propene without added light, heat, or peroxides gives 2-bromopropane: the 
H atom is added to the less substituted carbon. This reaction occurs via carbocation 
intermediates (Section 10.10). 

e HBr addition to propene with added light, heat, or peroxides gives 1-bromopropane: 
the Br atom is added to the less substituted carbon. This reaction occurs via radical 
intermediates. 


Problem 15.24 Draw the product(s) formed when each alkene is treated with either [1] HBr alone; or [2] HBr in the 
presence of peroxides. 


a. CH2= CHCHsCH2CH2CH3 b. ( \- C. CHCH = CHCH2CH2CH3 


15.13B The Mechanism of the Radical Addition of HBr to an Alkene 


In the presence of added light, heat, or peroxides, HBr addition to an alkene forms radical 
intermediates, and like other radical reactions, proceeds by a mechanism with three distinct 
parts: initiation, propagation, and termination. Mechanism 15.3 is written for the reaction of 
CH;CH=CH) with HBr and ROOR to form CH3;CH,CH,Br. 


The first propagation step (Step [3] of the mechanism, the addition of Br: to the double bond) 
is worthy of note. With propene there are two possible paths for this step, depending on which 
carbon atom of the double bond forms the new bond to bromine. Path [A] forms a less stable 
1° radical whereas Path [B] forms a more stable 2° radical. The more stable 2° radical forms 
faster, so Path [B] is preferred. 


: Path [A]: _ Path [B]: 
Does NOT occur | Preferred path 
CH H H H CH H H H 
K ‘ard Ie oI LAS ly 
C0 —€— CH,-C-C-H C=C  ——————> CH-ÇỌ-C-H 
/ = N ie / ( \ oh 
H 5 H Br H AH Br 
Èr less stable (ar: more stable 


1° radical 2° radical 


15.13 Radical Addition Reactions to Double Bonds 581 


{2 Mechanism 15.3 Radical Addition of HBr to an Alkene 


Initiation 

Steps [1] and [2] Abstraction of H from HBr occurs by a two-step process. 

on 5 e With ROOR to initiate the reaction, two steps are needed to form 
-Br: 


ROSGR = a RÖ: hare RO-H + r: Br. Homolysis of the weak O-O bond of the peroxide forms 
a [1] [2] i i RO, which abstracts a hydrogen atom from HBr to form Br. 


Propagation 
Steps [3] and [4] The m bond is broken and the C-H and C- Br o bonds are formed. 


CH; A Vi HH 
N 
PTS a CH= Ç- qH] newbond ° The first step of propagation forms the C- Br bond when the Br- 
H ( H ‘Br: radical adds to the terminal carbon, leading to a 2° carbon 
Br 2° radical radical. 
H H H H ¢ The 2° radical abstracts a H atom from HBr, forming the new 
Ld C-H bond and completing the addition reaction. Because a new 
CGH;=-C=Q-H CH é ¢ H + Bi 
i 4 Ai s [4] h by r Br: radical is also formed in this step, Steps [3] and [4] occur 
N ‘Br: i repeatedly. 
HBr: new bond © 


Repeat Steps [3], [4], [3], [4], and so forth. 


Termination 


Step [5] Two radicals react to form a bond. 


e To terminate the chain, two radicals (for example two Br: 
radicals) react with each other to form a stable bond, preventing 
further propagation via Steps [3] and [4]. 


cy A yee [5] 


‘Br + ‘Br: — :Br—Br: 


The mechanism also illustrates why the regioselectivity of HBr addition is different depending 
on the reaction conditions. In both reactions, H and Br add to the double bond, but the order of 
addition depends on the mechanism. 


CHa bys i HH — — 
Radical addition | ‘=e — DH- c- -H Br bonds to the 
m ee ( \ | <— ; new bond | _less substituted C. 
H H Br L | 
(a 2° radical 


r 


H= ss 

m4 

lonic addition | > CH Ç C-H + Br 
K Y 


2° carbocation 


H bonds to the 
_less substituted C. 


e In radical addition (HBr with added light, heat, or ROOR), Br: adds first to generate the 
more stable radical. 


e In ionic addition (HBr alone), H* adds first to generate the more stable carbocation. 


Problem 15.25 When HBr adds to (CH,)2C = CH; under radical conditions, two radicals are possible products in the 
first step of chain propagation. Draw the structure of both radicals and indicate which one is 


formed. Then draw the preferred product from HBr addition under radical conditions. 


sober: 1525. What reagents are needed to convert 1-ethylcyclohexene into (a) 1-bromo-2-ethylcyclohexane; 
(b) 1-bromo-1-ethylcyclohexane; (c) 1,2-dibromo-1-ethylcyclohexane? 
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15.13C 


Problem 15.27 


Figure 15.9 

Energy changes during 

the propagation steps: 

CH, = CH; + HBr > CH3CH.Br 


HDPE (high-density poly- 
ethylene) and LDPE (low- 
density polyethylene) are two 
common types of polyethylene 
prepared under different 
reaction conditions and having 
different physical properties. 
HDPE is opaque and rigid, 

and is used in milk containers 
and water jugs. LDPE is less 
opaque and more flexible, and 
is used in plastic bags and 
electrical insulation. Products 
containing HDPE and LDPE 
(and other plastics) are often 
labeled with a symbol indicating 
recycling ease: the lower the 
number, the easier to recycle. 
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Energy Changes in the Radical Addition of HBr 


The energy changes during propagation in the radical addition of HBr to CH=CH; can be cal- 
culated from bond dissociation energies, as shown in Figure 15.9. 


Both propagation steps for the addition of HBr are exothermic, so propagation is exothermic 
(energetically favorable) overall. For the addition of HCl or HI, however, one of the chain- 
propagating steps is quite endothermic, and thus too difficult to be part of a repeating chain 
mechanism. Thus, HBr adds to alkenes under radical conditions, but HC] and HI do not. 


Draw an energy diagram for the two propagation steps in the radical addition of HBr to propene. 
Draw the transition state for each step. 


[1} CH=CH; + Br: ——»  CH,CH,-—Br 


a t 
| z bond broken | | bond formed | 
+267 kJ/mol —285 kJ/mol AH°[1] = —18 kJ/mol 


[2] CH,CH,—Br + H-Br: ——» H-CH,CH,Br + Br: 


| bond broken | | bond formed Í 


+368 kJ/mol —410 kJ/mol 


AH?®[2] = —42 kJ/mol 
AH’ averai = AH°[1] + AN?[2] 


an exothermic reaction = —60 kJ/mol 


Polymers and Polymerization 


Polymers—large molecules made up of repeating units of smaller molecules called 
monomers—include such biologically important compounds as proteins and carbohydrates. 
They also include such industrially important plastics as polyethylene, poly(vinyl chloride) 
(PVC), and polystyrene. 


15.14A Synthetic Polymers 


Many synthetic polymers—that is, those synthesized in the lab—are among the most widely 
used organic compounds in modern society. Although some synthetic polymers resemble natural 
substances, many have different and unusual properties that make them more useful than natu- 
rally occurring materials. Soft drink bottles, plastic bags, food wrap, compact discs, Teflon, and 
Styrofoam are all made of synthetic polymers. In this section we examine polymers derived from 
alkene monomers. Chapter 31 is devoted to a detailed discussion of the synthesis and properties 
of several different types of synthetic polymers. 


e Polymerization is the joining together of monomers to make polymers. 


For example, joining ethylene monomers together forms the polymer polyethylene, a plastic 
used in milk containers and sandwich bags. 
+ CH=CH; 


| Ethylene 
monomers CH=CH; 
| polymerization 
Í — —-4 
Polyethylene 
| = a — 
` polymer | ; OHOH | chor cHLCH, 3 I 


three monomer units joined together 


+ CH=CH; 


15.14 Polymers and Polymerization 583 


Many ethylene derivatives having the general structure CH,=CHZ are also used as monomers 
for polymerization. The identity of Z affects the physical properties of the resulting polymer, 
making some polymers more suitable for one consumer product (e.g., plastic bags or food wrap) 
than another (e.g., soft drink bottles or compact discs). Polymerization of CH,=CHZ usually 
affords polymers with the Z groups on every other carbon atom in the chain. Table 15.2 lists 
some common monomers and polymers used in medicine or dentistry. 


CH =CHZ + CH =CHZ + CHp=CHZ 
| polymerization 


j-onjou|cr,cH chor} = my) 
é = £ zz 2 
three monomer units joined together 


Sample Problem 15.5 What polymer is formed when CH= CHCO4 (acrylic acid) is polymerized? The resulting polymer, 
poly(acrylic acid), is used in disposable diapers because it absorbs 30 times its weight in water. 


Solution 
Draw three or more alkene monomers, break one bond of each double bond, and join the alkenes 
together with single bonds. With unsymmetrical alkenes, substituents are bonded to every other carbon. 


Join these 2 C's Join these 2 C's 


H H H H H H 
/ / / | | | 3 
CH,=C =“ CH =C- CH,=G¢ ——> ah ake aE ae = rr 
COH COH COH COH COH COH COH COZH COsH 
[ New bonds are drawn in red. poly(acrylic acid) 


Table 15.2 Common Monomers and Polymers Used in Medicine and Dentis Re i 


vy 


EINEN eel et bana ale Ble 


Monomer = Polymer Consumer product 


CH,=CHCI =y my 
vinyl chloride Cl Cl Cl 
poly(vinyl chloride) 
PVC 


PVC blood bags and tubing 


CH»=CHCH; —— py ir y 


propene CH; CH} CH3 
polypropylene 
EF REF KF 
CR=CF, —— § ; 
tetrafluoroethylene FFFFFF 
polytetrafluoroethylene 
Teflon 


dental floss 
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Problem 15.28 (a) Draw the structure of polystyrene, the chapter-opening molecule, which is formed by polymerizing 
the monomer styrene, CgHs;CH = CH3. (b) What monomer is used to form poly(vinyl acetate), a polymer 
used in paints and adhesives? 


i ie el poly(vinyl acetate) 
| | | 
COCH} COCH} COCH3 


15.14B Radical Polymerization 


The polymers described in Section 15.14A are prepared by polymerization of alkene monomers 
by adding a radical to a x bond. The mechanism resembles the radical addition of HBr to an 
alkene, except that a carbon radical rather than a bromine atom is added to the double bond. 
Mechanism 15.4 is written with the general monomer CH,=CHZ, and again has three parts: 
initiation, propagation, and termination. 


The alkene monomers used in 
polymerization are prepared 
from petroleum. 


E Mechanism 15.4 Radical Polymerization of CH=CHZ 


Initiation 
Steps [1] and [2] A carbon radical is formed by a two-step process. 
a A Z 
RÖ SOR [1] 2 RO! ¥ cH [2] i ROCH,—C: e Chain initiation begins with homolysis of the weak O-O 
H i pe bond of the peroxide to form RO, which then adds to a 


: molecule of monomer to form a carbon radical. 
carbon radical 


Propagation 
Step [3] The polymer chain grows. 


ae, Z ¢ Chain propagation consists of a single step that joins 
s NI wW B s | / monomer units together. 
RQCH,-C¥ + CHQ ——> ROCH2-C_CH,—C: 
H H H H e In Step [3], the carbon radical formed during initiation 
adds to another alkene molecule to form a new C-C 
Repeat Step [3] over and over. new C—C bond bond and another carbon radical. Addition always forms 


the more substituted carbon radical—that is, the 
unpaired electron is always located on the carbon 
atom having the Z substituent. 

e This carbon radical reacts with more monomer, so that 
Step [3] occurs repeatedly, and the polymer chain grows. 


Termination 
Step [4] Two radicals combine to form a bond. 


En Á [4] Z r e To terminate the chain, two radicals combine to form a 
we CH2—C; “C-CHa~~ = o CHa-G-G-CHp ~~ stable bond, thus ending the polymerization process. 
H H H H 
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In radical polymerization, the more substituted radical always adds to the less substituted end of 
the monomer, a process called head-to-tail polymerization. 


The more substituted radical adds to the | 
. less substituted end of the double bond. | 


| Z | Z Z Z 

n / / a l a TRES 

ROCH,-C> + CH2=C, —— ROCH,—C-—CH,—-C; <— The new radical is always located 
H H ‘4 `H on the C bonded to Z. 


Problem 15.29 Draw the steps of the mechanism that converts vinyl chloride (CH= CHCI} into poly(vinyl chloride). 


KEY CONCEPTS Ă——— 


Radical Reactions 


General Features of Radicals 
e A radical is a reactive intermediate with a single unpaired electron (15.1). 
e A carbon radical is sp” hybridized and trigonal planar (15.1). 
e The stability of a radical increases as the number of C atoms bonded to the radical carbon increases (15.1). 
e Allylic radicals are stabilized by resonance, making them more stable than 3° radicals (15.10). 


Radical Reactions 


[1] Halogenation of alkanes (15.4) 
e The reaction follows a radical chain mechanism. 


Xo F 
Reh Ori R-X e The weaker the C-H bona, the more readily the hydrogen is replaced by X. 
$=Gortr eee * Chlorination is faster and less selective than bromination (15.6). 


e Radical substitution at a stereogenic center results in racemization (15.8). 


{2] Allylic halogenation (15.10) 
NBS 


CH2=CH-CH; “iv or ROOR CH,=CHCH,Br | è The reaction follows a radical chain mechanism. 
allylic halide 


[3] Radical addition of HBr to an alkene (15.13) 


4 


A radical addition mechanism is followed. 
Br bonds to the less substituted carbon atom to form the more substituted, 
more stable radical. 


[4] Radical polymerization of alkenes (15.14) 


cH=cHz FOOR, Doun 


A radical addition mechanism is followed. 


polymer 
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PROBLEMS pe 


Problems Using Three- Dimensional Models 


15.30 (a) Draw all constitutional isomers formed by monochlorination of each alkane with Cl, and hv. (b) Draw the major 
monobromination product formed by heating each alkane with Bro. 


oe, a 
i ‘ ~ 
ee v fs a “9 D4 vw 
2 Re] 
A B 


15.31 Draw all resonance structures of the radical that results from abstraction of a hydrogen atom from the antioxidant BHA 
(butylated hydroxy anisole). 


2 of 

ie 

“eg Po 
cg © @ v 

Jea Pe 
Ps 


Radicals and Bond Strength 
15.32 With reference to the indicated C-H bonds in 2-methylbutane: 


1 
[1] oH, 
H™CH,—C-CH-CHg 


H H 
[2] [3] 


2-methylbutane 


a. Rank the C-H bonds in order of increasing bond strength. 

b. Draw the radical resulting from cleavage of each C-H bond, and classify it as 1°, 2°, or 3°. 
c. Rank the radicals in order of increasing stability. 

d 


. Rank the C-H bonds in order of increasing ease of H abstraction in a radical halogenation 
reaction. 


15.33 Rank each group of radicals in order of increasing stability. 


a. (CHg)zCCHsCH(CHs)2  (CH3)3CHCHCH(CHs)> (CHa) 3 CHCH,CH(CH,)CH> 


oe oP 


15.34 Why is a benzylic C-H bond unusually weak? 


Oey 
benzylic C—H bond 


Halogenation of Alkanes 


15.35 Rank the indicated hydrogen atoms in order of increasing ease of abstraction in a radical halogenation reaction. 
H—>H H— Ha 
CH2-CHCHCHG(CHa)CH—-H <—H, 
Ha—H 


15.36 Draw all constitutional isomers formed by monochlorination of each alkane with Ch and hv. 


a. [| b. (CH3)aCCH2CH;CH;CH; ee d. Con 
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15.37 What is the major monobromination product formed by heating each alkane with Bro? 


e i te b. (CHg)3CCHsCH(CHs)o CG Lon, ad, (CH3) CCH>CH3 


15.38 Five isomeric alkanes (A-E) having the molecular formula CsH44 are each treated with Cl, + hv to give alkyl halides having 
molecular formula CgH,3Cl. A yields five constitutional isomers. B yields four constitutional isomers. C yields two constitutional 
isomers. D yields three constitutional isomers, two of which possess stereogenic centers. E yields three constitutional isomers, 
only one of which possesses a stereogenic center. Identify the structures of A-E. 


15.39 What alkane is needed to make each alkyl halide by radical halogenation? 
Br 


Br 
a. O b. ba c. d. (CHs)sCCH,CI 


15.40 Which alkyl halides can be prepared in good yield by radical halogenation of an alkane? 


a. Co b. i c. ht ili d. ~A 


15.41 Draw the products of radical chlorination and bromination of each compound. For which compounds is a single constitutional 
isomer formed for both reactions? What must be true about the structure of a reactant for both reactions to form a single 
product? 


O Tog a. OTA 


15.42 Explain why radical bromination of p-xylene forms C rather than D. 


Br 
ow joh T oÈ jona paras 


p-xylene c 


NOT formed 


15.43 a. What product(s) (excluding stereoisomers) are formed when Y is heated with Cl.? 
b. What product(s) (excluding stereoisomers) are formed when Y is heated with Brz? 
c. What steps are needed to convert Y to the alkene Z? 


o % 


15.44 Draw resonance structures for each radical. 


cr O Cr 


Allylic Halogenation 
15.45 Draw the products formed when each alkene is treated with NBS + hv. 


a. [|]. CHgCH,CH=CHCH,CH, ©. (CHg)sC=CHCH, di O 


15.46 Is it possible to prepare 5-bromo-1-methylcyclopentene in good yield by allylic bromination of 1-methylcyclopentene? Explain. 


Resonance 
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15.47 Draw all constitutional isomers formed when X is treated with NBS + hv. 


LO 


X 


Reactions 
15.48 Draw the organic products formed in each reaction. 


Clo NBS HBr 
a. m d. Con, he g. CH3 ROOR 
CH ZA 
s ii p HBr h pI Br 
. A (A or P = 
CH3 
C 
Z 
eee, a, f. p en HBr, i _NBS , 
hy ROOR hv 


15.49 What reagents are needed to convert cyclopentene into (a) bromocyclopentane; (b) trans-1,2-dibromocyclopentane; 
(c) 3-bromocyclopentene? 


15.50 Treatment of a hydrocarbon A (molecular formula CgH;) with Brz in the presence of light forms alkyl halides B and C, both 
having molecular formula CgH;7Br. Reaction of either B or © with KOC(CHs)3 forms lia ill D (CoH16) as the major product. 
Ozonolysis of D forms cyclohexanone and acetone. Identify the structures of A-D 


(pe 5 


cyclohexanone acetone 


Stereochemistry and Reactions 
15.51 Draw the products formed in each reaction and include the stereochemistry around any stereogenic centers. 


CH 
ry a bast Cre = 
— > — —— 
a hv Gs hv 8. "e A 
H 
CH cc! 
ch j erg Brz r i 3 Gy 
et A Lia, — — 
hv i hv CH,CH; XN A 


CH, CHa 


15.52 (a) Draw all stereoisomers of molecular formula CsH10Cl2 formed when (2R)-2-chloropentane is heated with Clo. (b) Assuming 
that products having different physical properties can be separated into fractions by some physical method (such as fractional 
distillation), how many different fractions would be obtained? (c) Which of these fractions would be optically active? 


15.53 (a) Draw all stereoisomers of molecular formula C7H;sCl formed when (3S)-3-methylhexane is heated with Clo. (b) Assuming that 
products having different physical properties can be separated by fractional distillation, how many different fractions would be 
obtained? (c) How many fractions would be optically active? 


15.54 Draw the six products (including stereoisomers) formed when A is treated with NBS + hv. 


CH, 


Problems 589 


Mechanisms 


15.55 Consider the following bromination: (CH3)3CH + By (CHg)gCBr + HBr. 
a. Calculate AH”° for this reaction by using the bond dissociation energies in Table 6.2. 
b. Draw out a stepwise mechanism for the reaction, including the initiation, propagation, and termination steps. 
c. Calculate AH° for each propagation step. 
d. Draw an energy diagram for the propagation steps. 
e. Draw the structure of the transition state of each propagation step. 
15.56 Draw a stepwise mechanism for the following reaction. 
NBS Br 
SS So ROR 
PRIS HY aiii li + av P HBr 
Br 
15.57 Although CH, reacts with Cl to form CH3Cl and HCI, the corresponding reaction of CH, with Ip does not occur at an 
appreciable rate, even though the I-I bond is much weaker than the Cl- Cl bond. Explain why this is so. 
15.58 An alternative mechanism for the propagation steps in the radical chlorination of CH, is drawn below. Calculate AH’ for these 
steps and explain why this pathway is unlikely. 
CH, + :Gl ——> CHCI + H 
H + Ch ——> HCl + ği 
15.59 When 3,3-dimethyl-1-butene is treated with HBr alone, the major product is 2-bromo-2,3-dimethylbutane. When the same 
alkene is treated with HBr and peroxide, the sole product is 1-bromo-3,3-dimethylbutane. Explain these results by referring 
to the mechanisms. 
15.60 Write out the two propagation steps for the addition of HCI to propene and calculate AH° for each step. Which step prohibits 
chain propagation from repeatedly occurring? 
Synthesis 
15.61 Devise a synthesis of each compound from cyclopentane and any other required organic or inorganic reagents. 
OH 
“iF A se ool 
Cl Br OH 
„Oe a : C 
CI Br Br CN 
15.62 Devise a synthesis of each target compound from methylcyclohexane. You may use any other required organic or inorganic 
reagents. 
a. Ois b. OS C: On + enantiomer 
"Cl 
15.63 Devise a synthesis of each target compound from the indicated starting material. You may use any other required organic 
or inorganic reagents. 
Br 
a. CH3C=CH == > CH,CH,CH, b “Br ==> oii e “Np, == HCECH 
15.64 Devise a synthesis of each compound using CH3CHs as the only source of carbon atoms. You may use any other required 
organic or inorganic reagents. 
a. HC=CH b. HCZCCH:CH; c. HC=CCH:CHOH d. UW NN e. in iai 
(0) 
15.65 Devise a synthesis of OHC(CH2)4CHO from cyclohexane using any required organic or inorganic reagents. 
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Radical Oxidation Reactions 


15.66 As described in Section 9.16, the leukotrienes, important components in the asthmatic response, are synthesized from 
arachidonic acid via the hydroperoxide 5-HPETE. Write a stepwise mechanism for the conversion of arachidonic acid to 
5-HPETE with Oo. 


— —- COOH 


arachidonic acid 5-HPETE 


OH 


S 


R 
leukotriene C, 


15.67 Ethers are oxidized with O; to form hydroperoxides that decompose violently when heated. Draw a stepwise mechanism for this 


reaction. 
Dra—O 
o OOH 


ie) 
unstable hydroperoxide 


15.68 (a) Ignoring stereoisomers, what two allylic hydroperoxides are formed by the oxidation of 1-hexene with O2? (b) Draw a 
stepwise mechanism that shows how these hydroperoxides are formed. 


Antioxidants 


15.69 Resveratrol is an antioxidant found in the skin of red grapes. Its anticancer, anti-inflammatory, and various cardiovascular 
effects are under active investigation. (a) Draw all resonance structures for the radical that results from homolysis of the 
OH bond shown in red. (b) Explain why homolysis of this OH bond is preferred to homolysis of either OH bond in the other 
benzene ring. 


resveratrol 


OH 


15.70 In cells, vitamin C exists largely as its conjugate base X. X is an antioxidant because radicals formed in oxidation 
processes abstract the indicated H atom, forming a new radical that halts oxidation. Draw the structure of the radical 
formed by H abstraction, and explain why this H atom is most easily removed, 


OH gH 
HO Oe ia a 
HO OH “Oo OH <— 
vitamin C X 


Polymers and Polymerization 


15.71 What monomer is needed to form each polymer? 


OOQ 
polyisobutylene COOEt COOEt COOEt Et = CH,CH, 


(used to make basketballs) poly(ethy! acrylate) 
(used in latex paints) 
15.72 (a) Hard contact lenses, which first became popular in the 1960s, were made by polymerizing methyl methacrylate 
[CH2 = C(CH3)CO2CH;3] to form poly(methyl methacrylate) (PMMA). Draw the structure of PMMA. (b) More comfortable softer 
contact lenses introduced in the 1970s were made by polymerizing hydroxyethyl methacrylate [CH2=C(CH3)CO2CH2CH2O#] to 
form poly(hydroxyethyl methacrylate) (poly- HEMA). Draw the structure of poly-HEMA. Since neither polymer allows oxygen from 
the air to pass through to the retina, newer contact lenses that are both comfortable and oxygen-permeable have now been 
developed. 
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15.73 Explain why polystyrene is much more readily oxidized by O; in the air than polyethylene is. Which H’s in polystyrene are most 
easily abstracted and why? 


polystyrene polyethylene 


15.74 Draw astepwise mechanism for the following polymerization reaction. 
CH =CHCN POOR, 3 
CN CN CN 


15.75 As we will learn in Section 31.2C, styrene derivatives such as A can be polymerized by way of cationic rather than radical 
intermediates. Cationic polymerization is an example of electrophilic addition to an alkene involving carbocations. 


owo- )- CH=CH, a. Draw a short segment of the polymer formed by the polymerization of A. 
b. Why does A react faster than styrene (CgH;CH = CH3) in a cationic polymerization? 
A 


15.76 When two monomers (X and Y) are polymerized together, a copolymer results. An alternating copolymer is formed when the 
two monomers X and Y alternate regularly in the polymer chain. Draw the structure of the alternating copolymer formed when 
the two monomers, CH2 = CCl, and CHa = CHCgHs, are polymerized together. 


Spectroscopy 


15.77 A and B, isomers of molecular formula C3HsCls, are formed by the radical chlorination of a dihalide C of molecular 
formula C3HgClo. 
a. Identify the structures of A and B from the following 'H NMR data: 
Compound A: singlet at 2.23 and singlet at 4.04 ppm 
Compound B: doublet at 1.69, multiplet at 4.34, and doublet at 5.85 ppm 
b. What is the structure of C? 


15.78 Identify the structure of a minor product formed from the radical chlorination of propane, which has molecular formula C3HgClo 
and exhibits the given 'H NMR spectrum. 


ppm 


15.79 Radical chlorination of CHCH; forms two minor products X and Y of molecular formula C2H4Clo. 
a. Identify the structures of X and Y from the following 'H NMR data: 
Compound X: singlet at 3.7 ppm 
Compound Y: doublet at 2.1 and quartet at 5.9 ppm 
b. Draw a stepwise mechanism that shows how each product is formed from CH3CH3. 
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Challenge Problems 
15.80 Draw a stepwise mechanism for the following addition reaction to an alkene. 
(6) 


? ROOR 
C + LVF a Os PLP ELP dP 


PS 


CH; `H 


15.81 The triphenylmethyl radical is an unusual persistent radical present in solution in equilibrium with its dimer. For 70 years the 
dimer was thought to be hexaphenylethane, but in 1970, NMR data showed it to be A. 


are 4 A 
| OFTA , 
TOR 


triphenylmethyl radical hexaphenylethane 
a. Why is the triphenylmethy! radical more stable than most other radicals? 
b. Use curved arrow notation to show how two triphenylmethy| radicals dimerize to form A. 
c. Propose a reason for the formation of A rather than hexaphenylethane. 
d. How could 'H and °C NMR spectroscopy be used to distinguish between hexaphenylethane and A? 


15.82 In the presence of a radical initiator (Z°), tributyltin hydride (RgSnH, R = CH3CH2CH2CH,) reduces alkyl halides to alkanes: 
R'X + RgSnH —> R'H + R3SnX. The mechanism consists of a radical chain process with an intermediate tin radical: 


Initiation: © R3SnH + Z —~> RgSn- + HZ 


a 


R'—Br + RgSn-—~> R + RgSnBr 


Propagation: $$$ 


Re + R3SnH — > RH + R3Sn' 


This reaction has been employed in many radical cyclization reactions. Draw a stepwise mechanism for the following reaction. 


R3SnH 
ZA SSA N oar + + EPPO + RgSnBr 


15.83 PGFs, (Sections 4.15 and 30.6) is synthesized in cells from arachidonic acid (C29H3202) using a cyclooxygenase enzyme 
that catalyzes a multistep radical pathway. Part of this process involves the conversion of radical A to PGGp, an unstable 
intermediate, which is then transformed to PGF,,, and other prostaglandins. Draw a stepwise mechanism for the conversion of 
A to PGG». (Hint: The mechanism begins with radical addition to a carbon-carbon double bond to form a resonance-stabilized 


radical.) 
HO 
if oe SS SFSCOOH oe \= S COOH 
OOH aad OH 
A PGG, PGFoq 


unstable intermediate 


Conjugation, Resonance, 
and Dienes 


Morphine is an analgesic and narcotic isolated from the opium poppy Papaver somniferum. 
Opium has been widely used as a recreational drug and pain-killing remedy for centuries, and 
poppy seed tea, which contains morphine, was used as a folk remedy in parts of England until 
World War Il. A key step in a laboratory synthesis of morphine involves the Diels-Alder reaction, a 
powerful reaction of conjugated dienes discussed in Chapter 16. 


16.1 
16.2 


16.3 


16.4 


16.5 


16.6 


16.7 


16.8 


16.9 


16.10 


16.11 


16.12 
16.13 


16.14 


16.15 


Conjugation 
Resonance and allylic 
carbocations 


Common examples of 
resonance 


The resonance hybrid 
Electron delocalization, 
hybridization, and 
geometry 

Conjugated dienes 
Interesting dienes and 
polyenes 


The carbon-carbon 
6 bond length in 
1,3-butadiene 


Stability of conjugated 
dienes 

Electrophilic addition: 
1,2- versus 1,4-addition 
Kinetic versus 
thermodynamic products 
The Diels-Alder reaction 


Specific rules governing 
the Diels-Alder reaction 


Other facts about the 
Diels—Alder reaction 


Conjugated dienes and 
ultraviolet light 
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Chapter 16 Conjugation, Resonance, and Dienes 


16.1 


16.1A 


Chapter 16 is the first of three chapters that discuss the chemistry of conjugated 
molecules—molecules with overlapping p orbitals on three or more adjacent atoms. Chapter 16 
focuses mainly on acyclic conjugated compounds, whereas Chapters 17 and 18 discuss the chem- 
istry of benzene and related compounds that have a p orbital on every atom in a ring. 


Much of Chapter 16 is devoted to the properties and reactions of 1,3-dienes. To understand these 
compounds, however, we must first learn about the consequences of having p orbitals on three or 
more adjacent atoms. Because the ability to draw resonance structures is also central to mastering 
this material, the key aspects of resonance theory are presented in detail. 


Conjugation 


Conjugation occurs whenever p orbitals can overlap on three or more adjacent atoms. Two 
common conjugated systems are 1,3-dienes and allylic carbocations. 


| 
~ ee 


el Cy 
Pe FF 
1,3-diene allylic carbocation 


1,3-Dienes 


1,3-Dienes such as 1,3-butadiene contain two carbon-carbon double bonds joined by a single o 
bond. Each carbon atom of a 1,3-diene is bonded to three other atoms and has no nonbonded elec- 
tron pairs, so each carbon atom is sp” hybridized and has one p orbital containing an electron. The 
four p orbitals on adjacent atoms make a 1,3-diene a conjugated system. 


z bond o bond in between 
4 J Hp Bu ae 
C t, . Each C is spf hybridized and has a 
jn H H p orbital containing one electron. 
1,3-butadiene ™ 5 bond 


four adjacent p orbitals 


What is special about conjugation? Having three or more p orbitals on adjacent atoms allows p 
orbitals to overlap and electrons to delocalize. 


overlap of adjacent p orbitals 


The electron density in the Ha) 
two r bonds is delocalized. 4% 


e When p orbitals overlap, the electron density in each of the z bonds is spread out over 
a larger volume, thus lowering the energy of the molecule and making it more stable. 


Conjugation makes 1,3-butadiene inherently different from 1,4-pentadiene, a compound having 
two double bonds separated by more than one o bond. The x bonds in 1,4-pentadiene are too far 


apart to be conjugated. 
1,3-Butadiene— 1,4-Pentadiene— 
A conjugated diene An isolated diene 


one o bond two o bonds 
AZ pls. 
delocalized x electrons localized m localized n 


electrons electrons 
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Figure 16.1 1,3-Butadiene— 1,4-Pentadiene— 
A conjugated diene An isolated diene 


Electrostatic potential plots 
for a conjugated and an 
isolated diene 


The red electron-rich region is The red electron-rich regions are localized in 
spread over four adjacent atoms. the bonds on the two ends of the molecule. 


1,4-Pentadiene is an isolated diene. The electron density in each 7 bond of an isolated diene is 
localized between two carbon atoms. In 1,3-butadiene, however, the electron density of both 7 
bonds is delocalized over the four atoms of the diene. Electrostatic potential maps in Figure 16.1 
clearly indicate the difference between these localized and delocalized m bonds. 


Problem 16.1 Classify each diene as isolated or conjugated. 
O -O -CO -CO 


16.1B Allylic Carbocations 


The allyl carbocation is another example of a conjugated system. The three carbon atoms of the 
allyl carbocation—the positively charged carbon atom and the two that form the double bond— 
are sp” hybridized with a p orbital. The p orbitals for the double bond carbons each contain an 
electron, whereas the p orbital for the carbocation is empty. 


z bond carbocation 


wH Each C is sp? hybridized 
H and has a p orbital. 


three adjacent p orbitals 


+ Hu 
CH=CH-CH; 


allyl carbocation 
e Three p orbitals on three adjacent atoms, even if one of the p orbitals is empty, make 
the allyl carbocation conjugated. 


Conjugation stabilizes the allyl carbocation because overlap of three adjacent p orbitals delo- 
calizes the electron density of the 7 bond over three atoms. 


esi IH 


Ht” H 


overlap of adjacent p orbitals 


Problem 16.2 Which of the following species are conjugated? 


a. CHy=CH-CH=CH-CH=CH, b. ZA AH e AY a K e. © 
O 
+ 
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16.2 


The word resonance is used in 
two different contexts. In NMR 
spectroscopy, a nucleus is in 
resonance when it absorbs 
energy, promoting it to a 

higher energy state. In drawing 
molecules, there is resonance 
when two different Lewis 
structures can be drawn for the 
same arrangement of atoms. 


Resonance and Allylic Carbocations 


Recall from Section 1.6 that resonance structures are two or more different Lewis structures for 
the same arrangement of atoms. Being able to draw correct resonance structures is crucial to 
understanding conjugation and the reactions of conjugated dienes. 


e Two resonance structures differ in the placement of n bonds and nonbonded electrons. 
The placement of atoms and o bonds stays the same. 


We have already drawn resonance structures for the acetate anion (Section 2.5C) and the allyl 
radical (Section 15.10). The conjugated allyl carbocation is another example of a species for 
which two resonance structures can be drawn. Drawing resonance structures for the allyl carbo- 
cation is a way to use Lewis structures to illustrate how conjugation delocalizes electrons. 


The x bond is delocalized. 


ZN+ + ot st 
CH,=CH-CHp, Te CH—CH=CH, ial tia 


two resonance structures for the allyl carbocation The (+) charge is delocalized. 


hybrid 


The true structure of the allyl carbocation is a hybrid of the two resonance structures. In the 
hybrid, the = bond is delocalized over all three atoms. As a result, the positive charge is also 
delocalized over the two terminal carbons. Delocalizing electron density lowers the energy of 
the hybrid, thus stabilizing the allyl carbocation and making it more stable than a normal 1° 
carbocation. Experimental data show that its stability is comparable to a more highly substituted 
2° carbocation. 


| Relative carbocation CH, P RCH, e IR »CH = CH)=CH~-CH, < Rac 
stability 
| 1° 2° allyl 3° 


Problem 16.3 


Figure 16.2 

Electrostatic potential maps 
for a localized and a 
delocalized carbocation 


least stable most stable 


Increasing stability 


The electrostatic potential maps in Figure 16.2 compare the resonance-stabilized allyl carboca- 
tion with CH;CH,CH,", a localized 1° carbocation. The electron-deficient region—the site of the 
positive charge—is concentrated on a single carbon atom in the 1° carbocation CHyCH,CH,". In 
the allyl carbocation, however, the electron-poor region is spread out on both terminal carbons. 


Draw a second resonance structure for each carbocation. Then draw the hybrid. 


he CR ack 


CH3CH,CH,* CH =CHCH,* <> *CHsCH=CH, 
a localized carbocation a delocalized carbocation 


The electron-deficient region (in blue) The electron-deficient region (in blue-green) 
of a 1° carbocation is concentrated on of the allyl carbocation is distributed 
a single carbon atom. over both terminal carbons. 


Figure 16.3 

18C chemical shifts for a 
localized and a resonance- 
stabilized carbocation 


Problem 16.4 


16.3 


16.3 Common Examples of Resonance 597 


Localized carbocation _Resonance-stabilized carbocation | 


+ 


\ om 224 ppm 


A B | less deshielded | 


330 ppm 
very deshielded 


e The absorption shifts upfield as the amount of positive charge decreases. 


How “real” is the delocalization of charge and electron density in the allyl carbocation? Recall 
from the discussion of NMR spectroscopy in Chapter 14 that an NMR absorption shifts downfield 
(to higher chemical shift) as the electron density around the nucleus decreases (is deshielded). 
Thus, a positively charged carbocation, such as A in Figure 16.3, is highly deshielded, so its °C 
NMR absorption is far downfield at 330 ppm. A resonance-stabilized carbocation, however, such 
as B in Figure 16.3, has less positive charge concentrated on any given carbon atom (because the 
charge is delocalized), so its °C NMR absorption is farther upfield at 224 ppm. 


Use resonance theory and the Hammond postulate to explain why 3-chloro-1-propene 
(CH2=CHCH2Cl) is more reactive than 1-chloropropane (CH3;CH2CH,C)) in Sy1 reactions. 


Common Examples of Resonance 


When are resonance structures drawn for a molecule or reactive intermediate? Because resonance 
involves delocalizing m bonds and nonbonded electrons, one or both of these structural features 
must be present to draw additional resonance forms. There are four common bonding patterns for 
which more than one Lewis structure can be drawn. 


Type [1] The Three Atom “Allyl” System, X=Y-Z* 


e For any group of three atoms having a double bond X=Y and an atom Z that contains a 
p orbital with zero, one, or two electrons, two resonance structures are possible: 


KEVSZ. —— ARV SZ The asterisk [*] corresponds to a 
i t charge, a radical, or a lone pair. 


| 0, 1, or 2 electrons | = t= or = | 


This is called allyl type resonance because it can be drawn for allylic carbocations, allylic carb- 
anions, and allylic radicals. 


X, Y, and Z may all be carbon atoms, as in the case of an allylic carbocation (resonance struc- 
tures A and B), or they may be heteroatoms, as in the case of the acetate anion (resonance 
structures C and D). The atom Z bonded to the multiple bond can be charged (a net positive or 
negative charge) or neutral (having zero, one, or two nonbonded electrons). The two resonance 
structures differ in the location of the double bond, and either the charge, the radical, or 
the lone pair, generalized by [*]. 


Allylic carbocation | | Acetate anion | 
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Type [2] Conjugated Double Bonds 


Cyclic, completely conjugated rings like benzene have two resonance structures, drawn by mov- 
ing the electrons in a cyclic manner around the ring. Three resonance structures can be drawn for 
conjugated dienes, two of which involve charge separation. 


Two resonance structures | Three resonance structures 
for benzene for 1,3-butadiene 


CH»<CHYCHLCH, 29 <> GH,—CH=CH-CH, 
‘i 5 Or, moving electrons in the 

opposite direction: 

dH, *CHZCH*CH; — GH,-CH=CH-CH, 


Type [3] Cations Having a Positive Charge Adjacent to a Lone Pair 


e When a lone pair and a positive charge are located on adjacent atoms, two resonance 
structures can be drawn. 


| General case | | Specific example | 


Gy. key CH-Ő ČH, <—> CHy-Q=CH, 


The overall charge is the same in both resonance structures. Based on formal charge, a neutral X 
in one structure must bear a (+) charge in the other. 


Type [4] Double Bonds Having One Atom More Electronegative 
Than the Other 


e For a double bond X=Y in which the electronegativity of Y > X, a second resonance 
structure can be drawn by moving the x electrons onto Y. 


General case | Specific example | 


CH CH, 
= x. x Pie 
iy —  $-h C=O: <—> C—O: 
go Jr 

CH, CH, 


Electronegativity of Y > X. 
Charge separation results. 


Sample Problem 16.1 illustrates how to apply these different types of resonance to actual molecules. 


Sample Problem 16.1 Draw two more resonance structures for each species. 
a. OC b. Co 
Solution 


Mentally breaking a molecule into two- or three-atom units can make it easier to draw additional 
resonance structures. 


Problem 16.5 


16.4 


The lower its energy, the 
more a resonance structure 
contributes to the overall 
structure of the hybrid. 


Rule [1] 


Rule [2] 
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a. Think of the top three atoms of the six-membered ring in A as an “allyl” unit. Moving the z bond 
forms a new “allyl” unit in B, and moving the x bond in B generates a third resonance structure 
C. No new valid resonance structures are generated by moving electrons in C. 


> 
a 
A "B c 
a three-atom “allyl” unit another three-atom 
“allyl” unit 


b. Compound D contains a carbonyl group, so moving the electron pair in the double bond to the 
more electronegative oxygen atom separates the charge and generates structure E. E now has 
a three-atom “allyl” unit, so the remaining m bond can be moved to form structure F. 
Separate i. Move a 


a 
rt charge. é S n bond. si 
ze el Q: 


D E F 
a three-atom “allyl” unit 


Draw additional resonance structures for each ion, 
(0) + 


CCH ~ 
b. CHgCHy “on ? @ CHs-CH-G d. Cy 
H 


The Resonance Hybrid 


Although the resonance hybrid is some combination of all of its valid resonance structures, the 
hybrid more closely resembles the most stable resonance structure. Recall from Section 1.6C 
that the most stable resonance structure is called the major contributor to the hybrid, and the less 
stable resonance structures are called the minor contributors. Two identical resonance structures 
are equal contributors to the hybrid. 


a. CH)>=CH-GH-CH=CH, 


Use the following three rules to evaluate the relative stabilities of two or more valid resonance 
structures, 


Resonance structures with more bonds and fewer charges are more stable. 


cee =F CHa CHa 
more stable Y Ñ: pe 
resonance structure a Te 
CH, CH, V/ 


all neutral atoms 


rati 
éne more bond charge separation 


Resonance structures in which every atom has an octet are more stable. 
+ 
> GCH;-O=CH, 


more stable 
| resonance structure 


All second-row elemenis have an octet. 


CHy-O ČH, < 


In this example, the resonance structure in which all atoms have octets is better, even though it 
places a (+) charge on a more electronegative O atom. 
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Rule [3] Resonance structures that place a negative charge on a more electronegative atom are more stable. 


The (-) charge is on the more 
electronegative O atom. 


cö: 0: — 
4 7 È more stable 
CH EH a CH4 “SCH, | resonance structure 


Sample Problem 16.2 illustrates how to determine the relative energy of contributing resonance 
structures and the hybrid. 


Sample Problem 16.2 Draw a second resonance structure for carbocation A, as well as the hybrid of both resonance 


structures. Then use Rules [1]-[3] to rank the relative stability of both resonance structures and 


the hybrid. 


A 


Solution 

Because A contains a positive charge and a lone pair on adjacent atoms, a second resonance 
structure B can be drawn. Because B has more bonds and all second-row atoms have octets, B 
is more stable than A, making it the major contributor to the hybrid C. Because the hybrid is more 
stable than either resonance contributor, the order of stability is: 


“3 + at öt 


A B c 
minor contributor major contributor hybrid 


Problem 16.6 Draw a second resonance structure and the hybrid for each species, and then rank the two 
resonance structures and the hybrid in order of increasing stability. 


ton Tl = 
a. (CH3)2C—NH3 b. cH; Ô^ÑH C. CH3(CH2)3-Ọ=Q: d. aH 


Problem 16.7 Draw all possible resonance structures for the following cation and indicate which structure makes 
the largest contribution to the resonance hybrid. 


Ov 


16.5 Electron Delocalization, Hybridization, and Geometry 


To delocalize nonbonded electrons or electrons in 7% bonds, there must be p orbitals that can over- 
lap. This may mean that the hybridization of an atom is different than would have been predicted 
using the rules first outlined in Chapter 1. 


For example, there are two Lewis structures (A and B) for the resonance-stabilized anion 


(CH3;COCH),) . 
Pi O: 
JCJ. > x 
CH, CH3 CH3 “CH; 
A | B jj 
The C is surrounded by four groups—three | Here the C is surrounded by three groups— 
atoms and one nonbonded electron pair. three atoms and no nonbonded electron pairs. 


Is it sp’ hybridized? | Is it sp? hybridized? 


Sample Problem 16.3 


16.6 


Compounds with many = 
bonds are called polyenes. 
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Based on structure A, the indicated carbon is sp hybridized, with the lone pair of electrons in 
an sp” hybrid orbital. Based on structure B, though, it is sp? hybridized with the unhybridized p 
orbital forming the 7 portion of the double bond. 


Delocalizing electrons stabilizes a molecule. The electron pair on the carbon atom adjacent to the 
C=O can only be delocalized, though, if it has a p orbital that can overlap with two other p orbit- 
als on two adjacent atoms. Thus, the terminal carbon atom is sp” hybridized with trigonal planar 
geometry. Three adjacent p orbitals make the anion conjugated. 


three adjacent p orbitals a 


lone pair in a p orbital 
CHy— = _ perpendicular to the plane 


sp? hybridized” H 


e In a system X=Y-Z:;, Z is generally sp” hybridized, and the nonbonded electron pair 
occupies a p orbital to make the system conjugated. 


Determine the hybridization around the indicated carbon atom in the following anion. 


CH;=CH-ËH-CH; 


Solution 

Because this is an example of an allyl-type system (X= Y- Z*), a second resonance structure can 
be drawn that “moves” the lone pair and the z bond. To delocalize the lone pair and make the 
system conjugated, the indicated carbon atom must be sp? hybridized with the lone pair 
occupying a p orbital. 


Two F S N >: O ee 
structures | CH2=CH i CH, «———* Chy ii CH, 


The indicated C atom must be sp? hybridized, 
with the lone pair in a p orbital. 


Determine the hybridization of the indicated atom in each species. 


5 :0: CHo 
a 
a. Cj b. CHa-Ġ c. O f 
OF <— 


Conjugated Dienes 


In the remainder of Chapter 16 we examine conjugated dienes, compounds having two double 
bonds joined by one o bond. Conjugated dienes are also called 1,3-dienes. 1,3-Butadiene 
(CH,=CH-CH=CH,) is the simplest conjugated diene. 


Three stereoisomers are possible for [,3-dienes with alkyl groups bonded to each end carbon of 
the diene (RCH=CH-CH=CHR). 


cis | 
R N 
R — = 
aa, es om E __f 
| both double bonds trans | both double bonds cis | | trans | 
trans,trans-1,3-diene cis,cis-1,3-diene cis,trans-1,3-diene 
or or or 


(E,E)-1,3-diene (Z,Z)-1,3-diene (Z,E)-1,3-diene 
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Two possible conformations result from rotation around the C-C bond that joins the two double 


bonds. 
(ele 
| Rotationcanoccur __. ee = S 
Í around the single bond. | S 


s-cis conformation s-trans conformation 


e The s-cis conformation has two double bonds on the same side of the single bond. 
e The s-trans conformation has two double bonds on opposite sides of the single bond. 


Keep in mind that stereoisomers are discrete molecules, whereas conformations interconvert. 
Three structures drawn for 2,4-hexadiene illustrate the differences between stereoisomers and 
conformations in a 1,3-diene: 


= CH — 
n a O, 3 CH SN eh fo 


3 


cis, cis isomer trans, trans isomer trans, trans isomer 
s-trans conformation s-cis conformation 
f two stereoisomers ; i two conformations - 
e 2 m — 


Problem 16.9 Draw the structure consistent with each description. 
a. (2E,4E)-2,4-octadiene in the s-trans conformation 
b. (8£,5Z)-3,5-nonadiene in the s-cis conformation 
c. (8Z,5Z)-4,5-dimethy|-3,5-decadiene. Draw both the s-cis and s-trans conformations. 


Problem 16.10 Neuroprotectin D1 (NPD1) is synthesized in the body from highly unsaturated essential fatty acids. 
NPD1 is a potent natural anti-inflammatory agent. 


OH a. Label each double bond as conjugated or isolated. 
b. Label each double bond as E or Z. 
c. For each conjugated system, label the given 

CO;H conformation as s-cis or s-trans. 


16.7 Interesting Dienes and Polyenes 


Isoprene and lycopene are two naturally occurring compounds with conjugated double bonds. 


pe 


isoprene 
(2-methyl-1,3-butadiene) 


Isoprene is a component of the ERA RF RR ESS 
blue haze seen above forested | | | Î Î | j | j j] | 


hillsides, such as Virginia’s Blue 11 conjugated double bonds 
Ridge Mountains. 


lycopene 
Isoprene, the common name for 2-methy]-1,3-butadiene, is given off by plants as the temperature 
rises, a process thought to increase a plant’s tolerance for heat stress. 


Lycopene, a naturally occurring molecule responsible for the red color of tomatoes and other 
fruits, is an antioxidant like vitamin E. The 11 conjugated double bonds of lycopene cause its red 
color, a phenomenon discussed in Section 16.15. 
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Figure 16.4 
Biologically active organic O OH 
compounds that contain H 
conjugated double bonds 2 H 4 


calcitriol 
(Rocaltrol) 


simvastatin 
(Zocor) 


HO" 


Simvastatin and calcitriol are two drugs that contain conjugated double bonds in addition to other 
functional groups (Figure 16.4). Simvastatin is the generic name of the widely used cholesterol- 
lowering medicine Zocor. Calcitriol, a biologically active hormone formed from vitamin D3 
obtained in the diet, is responsible for regulating calcium and phosphorus metabolism. Sold under 
the trade name of Rocaltrol, calcitriol is used to treat patients who are unable to convert vitamin 
D; to the active hormone. Since calcitriol promotes the absorption of calcium ions, it is also used 
to treat hypocalcemia, the presence of low calcium levels in the blood. 


16.8 The Carbon-Carbon o Bond Length in 1,3-Butadiene 


Four features distinguish conjugated dienes from isolated dienes. 


[1] The C-C single bond joining the two double bonds is unusually short. 
[2] Conjugated dienes are more stable than similar isolated dienes. 


[3] Some reactions of conjugated dienes are different than reactions of isolated double 
bonds. 


[4] Conjugated dienes absorb longer wavelengths of ultraviolet light. 


The bond length of the carbon-carbon double bonds in 1,3-butadiene is similar to an isolated 
double bond, but the central carbon-carbon single bond is shorter than the C-C bond in ethane. 


134 pm 
H H y 
c= CH3—CH, 3NA 
PEN t wg 
H | H 134 pm 
148 pm 


134 pm 153 pm 
The C-C o bond is shorter than 
the C—C o bond in ethane. 


The observed bond distances can be explained by looking at hybridization. Each carbon atom in 
1,3-butadiene is sp” hybridized, so the central C-C single bond is formed by the overlap of two sp” 
hybridized orbitals, rather than the sp? hybridized orbitals used to form the C-C bond in CH3CH. 


153 pm 148 pm 
coy CH2=CH-CH=CH, 
sp? sp? sp? sp? 
25% s-character 33% s-character 
lower percent s-character higher percent s-character 

longer bond shorter bond 
Recall from Section 1.11B that 
increasing percent s-character e Based on hybridization, a C,,2~C,,2 bond should be shorter than a Csp?— Csp? bond 


decreases bond length. because it is formed from orbitals having a higher percent s-character. 
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A resonance argument can also be used to explain the shorter C-C o bond length of 1,3-butadiene. 
1,3-Butadiene can be represented by three resonance structures: 


"Hybrid 
CH »=CH-CH=CH, «—> GH,—-CH=CH-GH, <—> GH,—CH=CH-CH, | CH,=CH=CH=CH, 
A B Cc 
t t i 
most stable resonance structure less stable resonance structures partial double bond 
major contributor minor contributors | character 


Structures B and C have charge separation and fewer bonds than A, making them less stable reso- 
nance structures and only minor contributors to the resonance hybrid. B and C both contain a 
double bond between the central carbon atoms, however, so the hybrid must have a partial double 
bond there. This makes the central C—C bond shorter than a C-C single bond in an alkane. 


e¢ Based on resonance, the central C-C bond in 1,3-butadiene is shorter because it has 
partial double bond character. 


Finally, 1,3-butadiene is a conjugated molecule with four overlapping p orbitals on adjacent 
atoms. As a result, the m electrons are not localized between the carbon atoms of the double 
bonds, but rather delocalized over four atoms. This places more electron density between the 
central two carbon atoms of 1,3-butadiene than would normally be present. This shortens the 
bond. Drawing resonance structures illustrates this delocalization. 


The overlap of adjacent p orbitals increases 
the electron density in the C-C o bond. 


Probiem 16.1 Using hybridization, predict how the bond length of the C-C o bond in HC= C- C= CH should 
compare with the C-C o bonds in CH3CH3 and CH2=CH- CH= ChH;. 


i2 Use resonance theory to explain why both C~ O bond lengths are equal in the acetate anion. 
ore equal bond lengths 


acetate 


16.9 Stability of Conjugated Dienes 


In Section 12.3 we learned that hydrogen adds to alkenes to form alkanes, and that the heat 
released in this reaction, the heat of hydrogenation, can be used as a measure of alkene stability. 


a l 
Recall: , C=C + Hp > C=C AH’ = heat of hydrogenation 
; j f N Pd-C h h 


The relative stability of conjugated and isolated dienes can also be determined by comparing 
their heats of hydrogenation. 


e When hydrogenation gives the same alkane from two dienes, the more stable diene has 
the smaller heat of hydrogenation. 
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Figure 16.5 FORGO AS less stable diene 
Relative energies teaided diene aw a more stable diene 
of an isolated and ` More energy is released. conjugated ' - 
conjugated diene — diene | Less energy is released. | 
AH? = -255 kJ/mol 
AH’? = -226 kJ/mol 
CH3CH,CH,CH»CH, CH3CH2CH,CH,CH, 


For example, both 1,4-pentadiene (an isolated diene) and (3£)-1,3-pentadiene (a conjugated 
diene) are hydrogenated to pentane with two equivalents of H}. Because less energy is released 
in converting the conjugated diene to pentane, it must be lower in energy (more stable) to begin 
with. The relative energies of these isomeric pentadienes are illustrated in Figure 16.5. 


e i Hp 
Isolated diene | Aa —_ CH3CHsCH»CH,CH3 AH? = —255 kJ/mol 
i 1,4-pentadiene Pd-C i 
| same product 
| Hp | 
Conjugated diene, aw a — CH3CH,CH2CH,CH, AH? = —226 kJ/mol 
(3E)-1,3-pentadiene Pd-C | 


more stable 


} 
Sarino mahal _ Less energy is released. | 


e A conjugated diene has a smaller heat of hydrogenation and is more stable than a 
similar isolated diene. 


Why is a conjugated diene more stable than an isolated diene? Because a conjugated diene has 
overlapping p orbitals on four adjacent atoms, its m electrons are delocalized over four atoms. 
This delocalization, which cannot occur in an isolated diene, is illustrated by drawing resonance 
structures. 


No resonance structures can be drawn for 1,4-pentadiene, but three can be drawn for (3E)-1,3- 
pentadiene (or any other conjugated diene). The hybrid of these resonance structures illustrates 
that the two adjacent z bonds are delocalized in a conjugated diene, making it lower in energy 
than an isolated diene. 


| Three resonance structures for the conjugated diene | | Hybrid | 


BH gai Hae <——> GH,—CH=CH-GHCH, <> GH,—-CH=CH-CHCH, CHa FOHECHECHCH, 


f 


These electron pairs in the two x bonds are delocalized. delocalized z bonds 
Problems 16.13 Which diene in each pair has the larger heat of hydrogenation? 
a RAF Ot OPERA ® b. © or Ó 


Problem 16.14 — Rank the following compounds in order of increasing stability. 


OO GH) OO 
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16.10 Electrophilic Addition: 1,2- Versus 1,4-Addition 


The ends of the 1,3-diene are 
called C1 and C4 arbitrarily, 
without regard to IUPAC 
numbering. 


Recall from Chapters 10 and 11 that the characteristic reaction of compounds with 7 bonds is 
addition. The m bonds in conjugated dienes undergo addition reactions, too, but they differ in 
two ways from the addition reactions to isolated double bonds. 


e Electrophilic addition in conjugated dienes gives a mixture of products. 
e Conjugated dienes undergo a unique addition reaction not seen in alkenes or isolated 


dienes. 


We learned in Chapter 10 that HX adds to the z bond of alkenes to form alkyl] halides. 


= y ff se | | 
| Recall: | T + H-X => QC 


L J 
(X = Cl, Br, I) H X 


This nz bond is broken. alkyl'halide 


With an isolated diene, electrophilic addition of one equivalent of HBr yields one product and 
Markovnikov’s rule is followed. The H atom bonds to the less substituted carbon—that is, the 
carbon atom of the double bond that had more H atoms to begin with. 


HBr 


isolated diene | CH2=CH-CH2—CH=CH; — ÇH2-ÇH-CH-CH=CH; 


(1 equiv) H Br 


H bonds to the less substituted C. 
With a conjugated diene, electrophilic addition of one equivalent of HBr affords two products. 


ĉi Ge C1 C4 
HBr 1 1 1 { 


Conjugated diene) CH ,=CH-CH=CH, — ÇH2-ÇH-CH=CH; + ÇH2-CH=CH-ÇH}; 
H 


(Tieguiv Br H Br 


1,2-product 1,4-product 


e The 1,2-addition product results from Markovnikov addition of HBr across two adjacent 
carbon atoms (C1 and C2) of the diene. 


e The 1,4-addition product results from addition of HBr to the two end carbons (C1 and C4) 
of the diene. 1,4-Addition is also called conjugate addition. 


The mechanism of electrophilic addition of HX involves two steps: addition of H* (from HX) 
to form a resonance-stabilized carbocation, followed by nucleophilic attack of X- at either elec- 
trophilic end of the carbocation to form two products. Mechanism 16.1 illustrates the reaction of 
1,3-butadiene with HBr. 


Like the electrophilic addition of HX to an alkene, the addition of HBr to a conjugated diene 
forms the more stable carbocation in Step [1], the rate-determining step. In this case, however, 
the carbocation is both 2° and allylic, and thus two Lewis structures can be drawn for it. In the 
second step, nucleophilic attack of Br can then occur at two different electrophilic sites, forming 
two different products. 


e Addition of HX to a conjugated diene forms 1,2- and 1,4-products because of the 
resonance-stabilized allylic carbocation intermediate. 
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{o Mechanism 16.1 Electrophilic Addition of HBr to a 1,3-Diene—1,2- and 1,4-Addition 


Step [1] Addition of the electrophile (H*) to the n bond 


r ER + e H+ (from HBr) always adds to a terminal C 
oi eiabiie Tow fe CHT CHECH, + ——* CHa CH=CH—CHp ofthe 1,3-diene to form a resonance- 
HBr: H 4. Be H stabilized carbocation. This is the slow 
YW i allylic carbocation step of the mechanism because two 
bonds are broken and only one is formed. 


Step [2] Nucleophilic attack of Br 


p e Nucleophilic attack of Br” can occur at 
CH,—CH-CH=CH =} CH—CH—-CH=CH , : pa 
pe £ mi SA p | aoa | either site of the resonance-stabilized 
1 Basea carbocation that bears a (+) charge, 


! Br ii forming either the 1,2-addition product 


or the 1,4-addition product. 
CH,-CH=CH-CH, Cee CH OH-CHe ess 
TH | Br roduct 
H a> H] | Br] Ea 


Sample Problem 16.4 Draw the products of the following reaction. 
CH3 HBr 
— 
CHa (1 equiv) 
Solution 


Write the steps of the mechanism to determine the structure of the products. Addition of H* 
forms the more stable 2° allylic carbocation, for which two resonance structures can be drawn. 
Nucleophilic attack of Br at either end of the allylic carbocation gives two constitutional isomers, 
formed by 1,2-addition and 1,4-addition to the diene. 


CH3 CH3 CH3 
KX —> — | 1,2-product 
CH; ‘7 J CH3 Br CH3 
or H H 


CH, 


CH, 


Br 
CH, 
— 
CH; 
H 


H 
2° allylic carbocation 


Problem 16.15 Draw the products formed when each diene is treated with one equivalent of HCI. 


a. CH3CH=CH-CH=CHCH3 b, O CG: O d. G 


Problem 16.16 Draw a stepwise mechanism for the following reaction. 


O oci DO TOE 
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16.11 Kinetic Versus Thermodynamic Products 


The amount of 1,2- and 1,4-addition products formed in the electrophilic addition reactions of 
1,3-butadiene, a conjugated diene, depends greatly on the reaction conditions. 


——~ — | 
1,2-product | | 1,4-product | 


HBr 
CH=CH-CH=CH; ——> ÇHə—-ÇH-CH=CHə + CHa -CH=CH—CHp 
H Br H Br 
low ao | 80% | 20% 
high oe 20% | 80% 


e At low temperature the major product is formed by 1,2-addition. 
e At higher temperature the major product is formed by 1,4-addition. 


Moreover, when a mixture containing predominately the 1,2-product is heated, the 1,4-addition 
product becomes the major product at equilibrium. 


A 
1,2-product CHa~GH-CH=CH, = ÇH2—-CH=CH-ÇH; 1,4-product 
Br H Br 


major product at 


low temperature major product at equilibrium 


| kinetic product | | thermodynamic product | 


e The 1,2-product is formed faster because it predominates at low temperature. The 
product that is formed faster is called the kinetic product. 

e The 1,4-product must be more stable because it predominates at equilibrium. The 
product that predominates at equilibrium is called the thermodynamic product. 


In many of the reactions we have learned thus far, the more stable product is formed faster—that 
is, the kinetic and thermodynamic products are the same. The electrophilic addition of HBr to 1,3- 
butadiene is different, in that the more stable product is formed more slowly—that is, the kinetic 
and thermodynamic products are different. Why is the more stable product formed more slowly? 


To answer this question, recall that the rate of a reaction is determined by its energy of activa- 
tion (E,), whereas the amount of product present at equilibrium is determined by its stability 
(Figure 16.6). When a single starting material A forms two different products (B and C) by two 
exothermic pathways, the relative height of the energy barriers determines how fast B and C are 
formed, whereas the relative energies of B and C determine the amount of each at equilibrium. 
In an exothermic reaction, the relative energies of B and C do not determine the relative energies 
of activation to form B and C. 


Why, in the addition of HBr to 1,3-butadiene, is the 1,2-product formed faster, but the 1,4- 
product more stable? The 1,4-product (1-bromo-2-butene) is more stable because it has two 
alkyl groups bonded to the carbon-carbon double bond, whereas the 1,2-product (3-bromo-1- 
butene) has only one. 


1,2-product ` 1,4-product 
3-bromo-1-butene 1-bromo-2-butene 


ih dle ak, CH=CHTOH= Cha <— thermodynamic product | 
Br H Br 
1 R group on the C=C, 2 R groups on the C=C, 


less stable more stable 
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Figure 16.6 

How kinetic and 
thermodynamic products form 
in a reaction: A> B+C 


lower E,— 
faster reaction 


higher E,— 
slower reaction 


—— slower reaction 


—— faster reaction, forming the 
kinetic product B 


— lower energy product 
c more stable 


Reaction coordinate 


e The conversion of A > B is a faster reaction because the energy of activation leading to B is lower. 
B is the kinetic product. 
e Because C is lower in energy, C is the thermodynamic product. 


e The more substituted alkene—1-bromo-2-butene in this case—is the thermodynamic 
product. 


The 1,2-product is the kinetic product because of a proximity effect. When H* (from HBr) adds 
to the double bond, Br is closer to the adjacent carbon (C2) than it is to C4. Even though the 
resonance-stabilized carbocation bears a partial positive charge on both C2 and C4, attack at C2 
is faster simply because Br is closer to this carbon. 


Br- is closer to C2 immediately after H* is added, so it reacts faster at C2. 
C2 C4 
CH)=CH-CH=CH, —> CH,~CH-CH=CH, — CH,-CH=CH-CH, 
- HS | H 
HBr: ‘Bri 
ty 7 
ÇHa—ÇH-CH=CH; 


| kinetic product | 
A proximity effect occurs : 


because one species is close 
to another. e The 1,2-product forms faster because of the proximity of Br to C2. 


The overall two-step mechanism for addition of HBr to 1,3-butadiene, forming a 1,2-addition 
product and 1,4-addition product, is illustrated with the energy diagram in Figure 16.7. 


Figure 16.7 
Energy diagram for the 


two-step mechanism: | The kinetic product is formed 
CH2= CH- CH=CH; + HBr > by the faster pathway. 
CHaCH(B)CH = CH; + - 


CH3CH = CHCH2Br The eee) product 


is eee) In energy. 


ôt 
CH3—CH=CH== BH, 
+ Br -CHsCH(B)CH=CH, | 
1,2-product 
+H-Br 


[tienes | 
1 [tienes | 


Reaction coordinate 
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Problem 16.17 


16.12 


Diels and Alder shared the 
1950 Nobel Prize in Chemistry 
for unraveling the intricate 
details of this remarkable 
reaction. 


The arrows may be drawn in a 
clockwise or counterclockwise 
direction to show the flow 

of electrons in a Diels-Alder 
reaction. 


Why is the ratio of products temperature dependent? 


e At low temperature, the energy of activation is the more important factor. Because most 
molecules do not have enough kinetic energy to overcome the higher energy barrier at lower 
temperature, they react by the faster pathway, forming the kinetic product. 


e At higher temperature, most molecules have enough kinetic energy to reach either transition 
state. The two products are in equilibrium with each other, and the more stable compound— 
which is lower in energy—becomes the major product. 


Label each product in the following reaction as a 1,2-product or 1,4-product, and decide which is 
the kinetic product and which is the thermodynamic product. 


CH. CH 
3 HCI Cl 8 
iaa S + 
X> 


The Diels-Alder Reaction 


The Diels-Alder reaction, named for German chemists Otto Diels and Kurt Alder, is an addition 
reaction between a 1,3-diene and an alkene called a dienophile, to form a new six-membered ring. 


E 
General Diels-Alder reaction | Or, emphasizing how the two components 
fit together: 


new o bond 
20H2 
1,3-diene —— Ao nagh — ? + 
HO CH2 a 
‘| 


Cl 


a 
new t bond © N, 


new o bond 
dienophile 


Three curved arrows are needed to show the cyclic movement of electron pairs because three 7 
bonds break and two o bonds and one m bond form. Because each new o bond is ~100 kJ/mol 
stronger than a 1 bond that is broken, a typical Diels-Alder reaction releases ~200 kJ/mol of 
energy. The following equations illustrate three examples of the Diels—Alder reaction: 


“4,3-Diene | | Dienophile | | Diels-Alder product | 
CHO CHO 
| Examples ON A The three new bonds 
So i are labeled in red. 
te) (@) 


a Í OCH; A OCH; 
See 
O O 
‘El + > 
oO O 


All Diels-Alder reactions have the following features in common: 


[1] They are initiated by heat; that is, the Diels—Alder reaction is a thermal reaction. 
[2] They form new six-membered rings. 
[3] Three x bonds break, and two new C-C o bonds and one new C-C r bond form. 


[4] They are concerted; that is, all old bonds are broken and all new bonds are formed in 
a single step. 
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Figure 16.8 


(6) 
Synthesis of a natural product 
using the Diels-Alder reaction if s Bonds formed from the Diels-Alder 
A ——— reaction are shown in red, 
Diels—Alder 
NOH O reaction 
many steps | 
o- 
O 
HO OH 
HNZ NH OH 
HoN* 
tetrodotoxin Japanese puffer fish 


e Tetrodotoxin, a complex natural product containing several six-membered rings joined together, 
is a poison isolated from the ovaries and liver of the puffer fish, so named because the fish 
inflates itself into a ball when alarmed. One step in the synthesis of tetrodotoxin involves 
forming a six-membered ring by a Diels-Alder reaction. 


The Diels—Alder reaction forms new carbon-carbon bonds, so it can be used to synthesize larger, 
more complex molecules from smaller ones. For example, Figure 16.8 illustrates a Diels—Alder 
reaction used in the synthesis of tetrodotoxin, a toxin isolated from many different types of puffer 
fish and first mentioned in the Prologue. 


Diels—Alder reactions may seem complicated at first, but they are really less complicated than 
many of the reactions you have already learned, especially those with multistep mechanisms and 
carbocation intermediates. The key is to learn how to arrange the starting materials to more easily 
visualize the structure of the product. 


How To Draw the Product of a Diels-Alder Reaction 


Example Draw the product of the following Diels—Alder reaction: 


Step[1] Arrange the 1,3-diene and the dienophile next to each other, with the diene drawn in the s-cis conformation. 


¢ This step is key: Rotate the diene so that it is drawn in the s-cis conformation, and place the end C’s of the diene close 
to the double bond of the dienophile. 


Place these atoms near each other. 


Owl Totale: C ~ dienophile 
j ing gh 


1,3-diene 
s-trans S-cis 
Place these atoms near each other. 


Step [2] Cleave the three x bonds and use arrows to show where the new bonds will be formed. 


ar or 


diene dienophile Diels—Alder product 
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Problem 16.18 


16.13 


16.13A 


Rule [1] 


Zingiberene and 
B-sesquiphellandrene are 
trienes obtained from ginger 
root. Ginger is used as a spice 
in Indian and Chinese cooking. 
Ginger candy is sometimes 
used to treat nausea resulting 
from seasickness. 


16.13B 


Rule [2] 


Draw the product formed when each diene and dienophile react in a Diels-Alder reaction. 


COOH CH3 nr 
a. pe + = b. BE + = c. + 


O 
COOCH; 


Specific Rules Governing the Diels-Alder Reaction 


Several rules govern the course of the Diels-Alder reaction. 


Diene Reactivity 


The diene can react only when it adopts the s-cis conformation. 


Both ends of the conjugated diene must be close to the 7 bond of the dienophile for reaction to 
occur. Thus, an acyclic diene in the s-trans conformation must rotate about the central C-C © 
bond to form the s-cis conformation before reaction can take place. 


q rotate L & rotate pe 


s-trans s-cis s-trans s-cis 
reacting conformation reacting conformation 


This rotation is prevented in cyclic dienes. As a result: 


e When the two double bonds are constrained in the s-cis conformation, the diene is unusually 
reactive. 

e When the two double bonds are constrained in the s-trans conformation, the diene is 
unreactive, 


an s-cis 1,3-diene —> Ss See: an s-trans 1,3-diene 


very reactive unreactive diene 


Problem 16.19 Rank the following dienes in order of increasing reactivity in a Diels-Alder reaction. 


~~ OO 


Problem 16.20 Zingiberene and B-sesquiphellandrene, natural products obtained from ginger 
root, contain conjugated diene units. Which diene reacts faster in the Diels-Alder reaction and why? 


OL D 


zingiberene B-sesquiphellandrene 


Dienophile Reactivity 


Electron-withdrawing substituents in the dienophile increase the reaction rate. 


In a Diels-Alder reaction, the conjugated diene acts as a nucleophile and the dienophile acts as 
an electrophile. As a result, electron-withdrawing groups make the dienophile more electrophilic 
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(and, thus, more reactive) by withdrawing electron density from the carbon-carbon double bond. 
If Z is an electron-withdrawing group, then the reactivity of the dienophile increases as follows: 


CH=CH; CH=CHZ ZCH=CHZ 
_ Increasing reactivity EE 
A carbonyl group is an effective electron-withdrawing group because the carbonyl carbon bears a 


partial positive charge (5"), which withdraws electron density from the carbon-carbon double bond 
of the dienophile. Common dienophiles that contain a carbonyl group are shown in Figure 16.9. 


AK 


Oş- This electron-deficient site makes 
the dienophile more reactive. 


Problem 16.21 Rank the following dienophiles in order of increasing reactivity. 

H # 

CH,=CHCOOH C=C CH=CH; 
HOOC COOH 


Figure 16.9 ö fa) e] 
Common dienophiles in the CHO 
Diels-Alder reaction CH3 | OCH, | © 
o 0) 
acrolein methyl vinyl methyl acrylate maleic anhydride benzoquinone 
ketone 


16.13C Stereospecificity 


Rule [3] The stereochemistry of the dienophile is retained in the product. 


e A cis dienophile forms a cis-substituted cyclohexene. 
e A trans dienophile forms a trans-substituted cyclohexene. 
The two cis COOH groups of maleic acid become two cis substituents in a Diels—Alder adduct. 


The COOH groups can be drawn both above or both below the plane to afford a single achiral 
meso compound. The trans dienophile fumaric acid yields two enantiomers with trans COOH 


groups. 
‚COOH 
i ea COOH Ñ P COOH l 
‘cls dienophile | | — or cis product 
oeme Miz 
COOH ‘COOH COOH 
maleic acid A E | 


“an achiral meso compound 


HOOC 


COOH ou 
{trans dienophile | trans dienophile | EN +. (7 trans product 
COOH ‘COOH om 
fumaric acid | 
enantiomers 
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Problem 16.22 


16.13D 


Rule [4] 


A cyclic dienophile forms a bicyclic product. A bicyclic system in which the two rings share 
a common C-C bond is called a fused ring system. The two H atoms at the ring fusion must 
be cis, because they were cis in the starting dienophile. A bicyclic system of this sort is said to be 
cis-fused. 


cis H’s in the dienophile cis H’s in the product 


cyclic dienophile bicyclic product 


Draw the products of each Diels-Alder reaction, and indicate the stereochemistry. 


(®) 
# CH0OG COOCH, 4 x 
a. + c=, -— eo t T 
S H H 
O 


The Rule of Endo Addition 


When endo and exo products are possible, the endo product is preferred. 


To understand the rule of endo addition, we must first examine Diels-Alder products that result 
from cyclic 1,3-dienes. When cyclopentadiene reacts with a dienophile such as ethylene, a new 
six-membered ring forms, and above the ring there is a one atom “bridge.” This carbon atom 
originated as the sp® hybridized carbon of the diene that was not involved in the reaction. 


7 7 one carbon “bridge” 
cyclic 1,3-diene Pi 
ni sA = wy = AS +— The new six-membered 
| ring is in red. 


a bridged bicyclic ring system | 


The product of the Diels-Alder reaction of a cyclic 1,3-diene is bicyclic, but the carbon atoms 
shared by both rings are non-adjacent. Thus, this bicyclic product differs from the fused ring 
system obtained when the dienophile is cyclic. 


e A bicyclic ring system in which the two rings share non-adjacent carbon atoms is 
called a bridged ring system. 


Fused and bridged bicyclic ring systems are compared in Figure 16.10. 
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i .1 = 
Figure w a A fused bicyclic system | A bridged bicyclic system | 
Fused and bridged bicyclic 


ring systems compared 
This C-C bond is shared These C’s are shared by two rings. 
by both rings. af 


¢ One bond is shared by two rings. e Two non-adjacent atoms are shared by both rings. 
e The shared C's are adjacent. 


When cyclopentadiene reacts with a substituted alkene as the dienophile (CH,=CH/Z), the sub- 
stituent Z can be oriented in one of two ways in the product. The terms endo and exo are used to 


indicate the position of Z. 
| Preferred product 


1C bridge 
CTR OH A (shorter bridge) —> 
oa —+ — 2C bridge 
H OZ (longer bridge) —/ or if Z is exo 
H Z 
(closer to the 1C bridge). 
H 


Z 
Z is endo 
(closer to the 2C bridge). 


¢ A substituent on one bridge is endo if it is closer to the longer bridge that joins the two 
carbons common to both rings. 


e A substituent is exo if it is closer to the shorter bridge that joins the carbons together. 


To help you distinguish endo 
and exo, remember that endo 
is under the newly formed six- 
membered ring. 


newly formed ring 
if H (in red) 


Z endo 


In a Diels—Alder reaction, the endo product is preferred, as shown in two examples. 


| Examples of LOS, | A H 
endo addition — A H 
CHa ( 
<4 ___ endo 
CH, 
1@) 


(0) 


preferred product 


E &, H 
A ne 
2 LP —> Pa o 
two bonds endo O 


preferred product 


[new o bonds in red] 


(e) 
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More details on the Diels- 
Alder reaction are given in 
Section 27.4. 


The Diels—Alder reaction is concerted, and the reaction occurs with the diene and the dienophile 
arranged one above the other, as shown in Figure 16.11, not side-by-side. In theory, the substitu- 
ent Z can be oriented either directly under the diene to form the endo product (Pathway [1] in 
Figure 16.11) or away from the diene to form the exo product (Pathway [2] in Figure 16.11). In 
practice, though, the endo product is the major product. The transition state leading to the endo 
product allows more interaction between the electron-rich diene and the electron-withdrawing 
substituent Z on the dienophile, an energetically favorable arrangement. 


Figure 16.11 Pathway [1] With Z oriented under the diene, the endo product is formed. 


How endo and exo 
products are formed 


in the Diels-Alder (=> 


reaction 


transition state 


ł flip up 

EA A H 
A H 

th) — — Wu - AF 

EA Z h 

4 H ras 

; Z is below the two endo product 
Z underneath the diene new o bonds (in red). major hee 


The electron-withdrawing Z group 
| is closer to the electron-rich diene. 


Pathway [2] With Z oriented away from the diene, the exo product is formed. 


Z away from the diene 


Problem 16.23 


16.14 
16.14A 


transition state 


ł 


H — SH ` — H 
7 ; H ` fe H A 
. z| HS> HASZ H 


Z is above the two exo product 
new o bonds (in red). minor product 


Draw the product of each Diels—Alder reaction. 


P coocH,  , 


COOCH, 


Other Facts About the Diels-Alder Reaction 
Retrosynthetic Analysis of a Diels-Alder Product 


The Diels—Alder reaction is used widely in organic synthesis, so you must be able to look at a 
compound and determine what conjugated diene and what dienophile were used to make it. To 
draw the starting materials from a given Diels—Alder adduct: 


e Locate the six-membered ring that contains the C=C. 

e Draw three arrows around the cyclohexene ring, beginning with the x bond. Each 
arrow moves two electrons to the adjacent bond, cleaving one x bond and two o bonds, 
and forming three 7 bonds. 

e Retain the stereochemistry of substituents on the C=C of the dienophile. Cis substitu- 
ents on the six-membered ring give a cis dienophile. 


This stepwise retrosynthetic analysis gives the 1,3-diene and dienophile needed for any Diels— 


Alder reaction, as shown in the two examples in Figure 16.12. 
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Figure 16.12 


Finding the diene and 
dienophile needed for 
a Diels-Alder reaction 


COOH sili COOH 
e e ila, O GA 
“COOH “COOH “COOH COOH 


7 S f S cis substituents cis dienophile 


—— | starting materials | 


a Z gS => a. ome sate fA cl == f = s 


COOCH,CH; COOCH,CH, COOCH,CH, 


Identify the six-membered Draw three arrows, —— 1 
ring with the C=C. | beginning at the z bond. Draw the diene and dienophile. 


CHgCH,OOC—*\G, 


Problem 16.24 What diene and dienophile are needed to prepare each product? 


COOCH,CH, CH,0 COOCH; 
a. Cy b. CTC G. 


‘COOCH; 


16.14B Retro Diels-Alder Reaction 


A reactive diene like 1,3-cyclopentadiene readily undergoes a Diels-Alder reaction with itself; 
that is, 1,3-cyclopentadiene dimerizes because one molecule acts as the diene and another 
acts as the dienophile. 


DDO + QD - 


diene dienophile dicyclopentadiene 


+ This ring is endo. 


dimer 


The formation of dicyclopentadiene is so rapid that it takes only a few hours at room temperature 
for cyclopentadiene to completely dimerize. How, then, can cyclopentadiene be used in a Diels— 
Alder reaction if it really exists as a dimer? 


When heated, dicyclopentadiene undergoes a retro Diels-Alder reaction, and two molecules of 
cyclopentadiene are re-formed. If cyclopentadiene is immediately treated with a different dieno- 
phile, it reacts to form a new Diels—Alder adduct with this dienophile. 


| — H z 
_ Retro Diels-Alder A A 
a) yO O A 


dicyclopentadiene 


two molecules of cyclopentadiene 


This diene can now be used 
with a different dienophile. 
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16.14C Application: Diels-Alder Reaction in the Synthesis of Steroids 


Steroids are tetracyclic lipids containing three six-membered rings and one five-membered 


Recall iran Sention-4.15-that ring. The four rings are designated as A, B, C, and D. 


lipids are water-insoluble 


biomolecules that have diverse = Tan 
structures. e steroid s eleton | 


etd 
qg’. r 3, i 


ka PK. Ae view l Note the chair conformations 


og? ĉo 
a-e K eot @ 
otso 


carbon skeleton 
viewed from the side 


from above of the three cyclohexane rings. 


Steroids exhibit a wide range of biological properties, depending on the substitution pattern of 
functional groups on the rings. They include cholesterol (a component of cell membranes that is 
implicated in cardiovascular disease), estrone (a female sex hormone responsible for the regula- 
tion of the menstrual cycle), and cortisone (a hormone responsible for the control of inflamma- 
tion and the regulation of carbohydrate metabolism). 


cholesterol estrone cortisone 


Diels-Alder reactions have been used widely in the laboratory syntheses of steroids. The key 
Diels-Alder reactions used to prepare the C ring of estrone and the B ring of cortisone are as 
follows: 


fe) 
A 
od ! > 
CH,;O CH30 


diene dienophile 


aol 
Y O A several 
— — 
| p’ à dienophile k a steps 
CH3CH2,0 l CH3CH20 ie) > 
diene cortisone 
B ring prepared by Diels—Alder reaction 


several 
— 
steps 


Diels-Alder 
product 
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Problem 16.25 Draw the product (A) of the following Diels-Alder reaction. A was a key intermediate in the 
synthesis of the addicting pain reliever morphine, the chapter-opening molecule. 


CH0 HO. 
o of) 
C + À several o 
` AQ a“ 
o 
NC si 
O HO" CH3 


morphine 


16.15 Conjugated Dienes and Ultraviolet Light 


Recall from Chapter 13 that the absorption of infrared energy can promote a molecule from a 
lower vibrational state to a higher one. In a similar fashion, the absorption of ultraviolet (UV) 
light can promote an electron from a lower electronic state to a higher one. Ultraviolet light has 
a slightly shorter wavelength (and, thus, higher frequency) than visible light. The most useful 
region of UV light for this purpose is 200-400 nm. 


Increasing frequency 


Increasing energy 


The UV region of the 
electromagnetic spectrum 


16.15A General Principles 


When electrons in a lower energy state (the ground state) absorb light having the appropriate 
energy, an electron is promoted to a higher electronic state (the excited state). 


hy This energy difference depends 
gi ea on the location of the electron. 


ground state excited state 


lower energy state higher energy state 


The energy difference between the two states depends on the location of the electron. The promotion 
of electrons in o bonds and unconjugated 7 bonds requires light having a wavelength of < 200 nm; 
that is, it has a shorter wavelength and higher energy than light in the UV region of the electro- 
magnetic spectrum. With conjugated dienes, however, the energy difference between the ground 
and excited states decreases, so longer wavelengths of light can be used to promote electrons. The 
wavelength of UV light absorbed by a compound is often referred to as its Amax. 1,3-Butadiene, for 
example, absorbs UV light at Amax = 217 nm and 1,3-cyclohexadiene has a Amax of 256 nm. 


~ oO 


Amax = 217 nm max = 256 nm 
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e Conjugated dienes and polyenes absorb light in the UV region of the electromagnetic 
spectrum (200-400 nm). 


As the number of conjugated m bonds increases, the energy difference between the ground and 
excited state decreases, shifting the absorption to longer wavelengths. 


Oi GPP nL” ZZ??? ~~? ~~? 
Amax = 217 nm Amax = 268 nm Amax = 364 nm 


Increasing conjugation 
Increasing Amax 


With molecules having eight or more conjugated m bonds, the absorption shifts from the UV 
to the visible region and the compound takes on the color of those wavelengths of visible light 
it does not absorb. For example, lycopene absorbs visible light at Ama, = 470 nm, in the blue- 
Lycopene is the red pigment green region of the visible spectrum. Because it does not absorb light in the red region, lycopene 
found in tomatoes, watermelon, appears bright red (Figure 16.13). 

papaya, guava, and pink 
grapefruit. Lycopene is not 
destroyed when fruits and 


vegetables are processed, so ao SS 
tomato juice and ketchup are a i o ie b. or 
high in lycopene. XI F 


Figure 16.13 
Why lycopene appears red S RRR SR OR Sa OE ODS > 


Problem 16.26 Which compound in each pair absorbs UV light at longer wavelength? 


Lycopene—11 conjugated z bonds | 


Lycopene absorbs this part of the visible region. 
Ee 


visible region 


This part of the spectrum is not absorbed. 


` Lycopene appears red. | 


16.15B Sunscreens 


Ultraviolet radiation from the sun is high enough in energy to cleave bonds, forming radicals 
that can prematurely age skin and cause skin cancers. The ultraviolet region is often subdi- 
vided, based on the wavelength of UV light: UV-A (320-400 nm), UV-B (290-320 nm), and 
UV-C (< 290 nm). Fortunately, much of the highest energy UV light (UV-C) is filtered out by 
the ozone layer, so that only UV light having wavelengths > 290 nm reaches the skin’s surface. 
Much of this UV light is absorbed by melanin, the highly conjugated colored pigment in the 
skin that serves as the body’s natural protection against the harmful effects of UV radiation. 


Prolonged exposure to the sun can allow more UV radiation to reach your skin than melanin 
can absorb. A commercial sunscreen can offer added protection, however, because it contains 
conjugated compounds that absorb UV light, thus shielding your skin (for a time) from the 
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harmful effects of UV radiation. Two sunscreens that have been used for this purpose are para- 
aminobenzoic acid (PABA) and padimate O. 


O (6) 
H Vi 
wd a C y 
OH OCH CH(CH2CH3)CH2CH2CH2CH3 


para-aminobenzoic acid padimate O 
(PABA) 


Many sunscreens contain more than one component to filter out different regions of the UV spec- 
trum. Conjugated compounds generally shield the skin from UV-B radiation, but often have little 
effect on longer-wavelength UV-A radiation, which does not burn the skin, but can still cause 
long-term damage to skin celis. 


Problem 16.27 Which of the following compounds might be an ingredient in a commercial 
sunscreen? Explain why or why not. 


-> fe) (0) 
ag ’ SS o 
n a. C. 
Commercial sunscreens are 
CHO OH CH,O 


given an SPF rating (sun 

protection factor), according 

to the amount of sunscreen 

present. The higher the 

number, the greater the b. 
protection. 
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Conjugation, Resonance, and Dienes 


Conjugation and Delocalization of Electron Density 


e The overlap of p orbitals on three or more adjacent atoms allows electron density to delocalize, thus adding stability (16.1). 
e An allyl carbocation (CH= CHCHs") is more stable than a 1° carbocation because of p orbital overlap (16.2). 
e Ina system X= Y-Z:, Z is generally sp? hybridized to allow the lone pair to occupy a p orbital, making the system conjugated (16.5). 


Four Common Exampies of Resonance (16.3) 


[1] The three-atom “allyl” system: X=Y- ==> Xy wet Gone 
[2] Conjugated double bonds: Q Q O O 
— or <> eo 
[3] Cations having a positive charge Ka + 
adjacent to a lone pair: a KRY 
[4] Double bonds involving one atom Q tz. Ey 
more electronegative than the other: KEY X—Y: [electronegativity of Y > X] 
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Rules on Evaluating the Relative “Stability” of Resonance Structures (16.4) 
[1] Structures with more bonds and fewer charges are more stable. 
[2] Structures in which every atom has an octet are more stable. 
[3] Structures that place a negative charge on a more electronegative atom are more stable. 


The Unusual Properties of Conjugated Dienes 

[1] The C~C o bond joining the two double bonds is unusually short (16.8). 

[2] Conjugated dienes are more stable than the corresponding isolated dienes. AH° of hydrogenation is smaller for a conjugated diene 
than for an isolated diene converted to the same product (16.9). 

[3] The reactions are unusual: 
e £lectrophilic addition affords products of 1,2-addition and 1,4-addition (16.10, 16.11). 
e Conjugated dienes undergo the Diels-Alder reaction, a reaction that does not occur with isolated dienes (16.12-16.14). 

[4] Conjugated dienes absorb UV light in the 200-400 nm region. As the number of conjugated x bonds increases, the absorption 
shifts to longer wavelength (16.15). 


Reactions of Conjugated Dienes 
[1] Electrophilic addition of HX (X = halogen) (16.10-16.11) 


HX 


CH2=CH-CH=CH, equiv)” ÇH2-ÇH-CH=CH; ÇH2—CH=CH-ÇH}z 
H X H X 
1,2-product 1,4-product 
kinetic product thermodynamic product 


e The mechanism has two steps. 

e Markovnikov’s rule is followed. Addition of H* forms the more stable allylic carbocation. 

e The 1,2-product is the kinetic product. When H* adds to the double bond, X” adds to the end of the allylic carbocation to which 
it is closer (C2 not C4). The kinetic product is formed faster at low temperature. 

e The thermodynamic product has the more substituted, more stable double bond. The thermodynamic product predominates at 
equilibrium. With 1,3-butadiene, the thermodynamic product is the 1,4-product. 


[2] Diels-Alder reaction (16.12-16.14) 


r4 Z 
A i A The three new bonds 
0 are labeled in red. 
1,3-diene dienophile 


e The reaction forms two o and one x bond in a six-membered ring. 

e The reaction is initiated by heat. 

e The mechanism is concerted: All bonds are broken and formed in a single step. 

e The diene must react in the s-cis conformation (16.13A). 

e Electron-withdrawing groups in the dienophile increase the reaction rate (16.13B). 
e The stereochemistry of the dienophile is retained in the product (16.13C). 

e Endo products are preferred (16.13D). 
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PROBLEMS O 


Problems Using Three-Dimensional Models 


16.28 Name each diene and state whether the ball-and-stick model shows the diene in the s-cis or s-trans conformation. 


v “P 


p3 Tas 


o wv © 


16.29 What diene and dienophile are needed to prepare each compound by a Diels-Alder reaction? 


ow. 
ape, E 


Conjugation 
16.30 Which of the following systems are conjugated? 


CH, CHz0CH, 
CH,=CHCN CY 


16.31 Label each double bond in 5-HPETE (5-hydroperoxyeicosatetraenoic acid) as isolated or conjugated. 5-HPETE is an 
intermediate in the biological conversion of arachidonic acid to leukotrienes, potent molecules that contribute to the asthmatic 
response (Section 9.16). 


OOH 
tig ig et CO;H 
5-HPETE 


Resonance and Hybridization 


16.32 Draw all reasonable resonance structures for each species. 


S A i 
Ea i rae 
pe 
b ( \-a d. CH,OCH=CHCH f AA 

. 2 . 3 = 2 . 


16.33 Draw all reasonable resonance structures for each species. 


ÈH, ÖH CH3 
a. Cy b. or ü: K j d. X 
A OCH, 


16.34 For which compounds can a second resonance structure be drawn? Draw an additional resonance structure for each 
resonance-stabilized compound. 


OCH 
j S NHCH, 
a. b. c. d. 
NS 
OCH, CH 


O 
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16.35 Explain why the cyclopentadienide anion A gives only one signal in its °C NMR spectrum. 


D= 
16.36 Explain each statement using resonance theory. 
a. The indicated C-H bond in propene is more acidic than the indicated C~- H bond in propane. 


more acidic less acidic 
CH =CHCH—H CH3CH2CH3—H 
propene propane 


b. The bond dissociation energy for the C-C bond in ethane is much higher than the bond dissociation energy for the 
indicated C—C bond in 1-butene. 


+368 kJ/mol +301 kJ/mol 
CH3—CH3 CH3—CH CH=CH; 
ethane 1-butene 


Nomenclature and Stereoisomers in Conjugated Dienes 


16.37 Draw the structure of each compound. 
a. (3Z)-1,3-pentadiene in the s-trans conformation 
b. (2E,4Z)-1-bromo-3-methyl-2,4-hexadiene 
c. (2E,4E,6E)-2,4,6-octatriene 
d. (2E,4E)-3-methyl-2,4-hexadiene in the s-cis conformation 


16.38 Draw and name ali dienes of molecular formula CsHg. When E and Z isomers are possible, draw and name each stereoisomer. 
16.39 Draw all possible stereoisomers of 2,4-heptadiene and label each double bond as E or Z. 


16.40 Label each pair of compounds as stereoisomers or conformations. 


J) Ņ\ J ad Sanan af NS ad “hy 


b. 7 \ and a 


16.41 Rank the following dienes in order of increasing heat of hydrogenation. 


NI Ted EL OD 


Electrophilic Addition 
16.42 Draw the products formed when each compound is treated with one equivalent of HBr. 


16.43 Ignoring stereoisomers, draw all products that form by addition of HBr to (8£)-1,3,5-hexatriene. 


a 


16.44 Treatment of alkenes A and B with HBr gives the same alkyl halide C. Draw a mechanism for each reaction, including all 
reasonable resonance structures for any intermediate. 


Br 
| 
K J ocon, hBr C j econ ala TO 
A c B 


16.45 Draw a stepwise mechanism for the following reaction. 


AS HBr, BL AF + BRON 
ROOR 
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16.46 Addition of HCI to alkene X forms two alkyl halides Y and Z. 


exocyclic C=C 
CH 

(Clow =e. Og + Cs 
Cl 

X Y Cl Z 


a. Label Y and Z as a 1,2-addition product or a 1,4-addition product. 
b. Label Y and Z as the kinetic or thermodynamic product and explain why. 


c. Explain why addition of HCI occurs at the indicated C=C (called an exocyclic double bond), rather than the other 
C=C (called an endocyclic double bond). 


16.47 Explain, with reference to the mechanism, why addition of one equivalent of HCI to diene A forms only two products of 
electrophilic addition, even though four constitutional isomers are possible. 


Cl Cl 
Sy Sy Ka 
a HCI "= ‘ae 
— + 
A 


16.48 The major product formed by addition of HBr to (CH3)2C = CH - CH= C(CHa) is the same at low and high temperature. Draw the 
structure of the major product and explain why the kinetic and thermodynamic products are the same in this reaction. 


Diels-Alder Reaction 
16.49 Explain why methyl vinyl ether (CH= CHOCH) is not a reactive dienophile in the Diels-Alder reaction. 


16.50 Draw the products of the following Diels-Alder reactions. Indicate stereochemistry where appropriate. 


= COOCH; 3 
A A 
a. awa + oe — O. pi + [ od e. Q + ai al —> 
CI 10) 
o (6) 
COOCH; Š 
b. pa + Í r ad O + s LNF + —— 
cl excess 
O 


16.51 What diene and dienophile are needed to prepare each Diels-Alder product? 


CH, Q i Cl 
a. ( Jo Gi a. e. 7 O-G 


16.52 Give two different ways to prepare the following compound by the Diels-Alder reaction. Explain which method is preferred. 


see 
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16.53 


16.54 


16.55 


16.56 


16.57 


16.58 
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Compounds containing triple bonds are also Diels-Alder dienophiles. With this in mind, draw the products of each reaction. 
A 
a AxN” + HC=C-COOCH; ———> b. o> + CH3,0,C-C=C-—CO,CH3 =â, 


Diels-Alder reaction of a monosubstituted diene (such as CH, = CH- CH = CHOCHs) with a monosubstituted dienophile (such 
as CH» = CHCHO) gives a mixture of products, but the 1,2-disubstituted product often predominates. Draw the resonance 
hybrid for each reactant and use the charge distribution of the hybrids to explain why the 1,2-disubstituted product is the major 
product. 


OCH, OCH, 


mn oe O o Ou 


1,2-disubstituted product 1,3-disubstituted product 
major minor 


What is the structure of the product formed when A is heated in the presence of maleic acid? Explain why only one product is 
formed even though A has four double bonds. 


> JER A, 
HOOC COOH 
A 


maleic acid 


The following reactions have been used to synthesize dieldrin and aldrin (named for Diels and Alder), two pesticides having a 
similar story to DDT (Section 7.4). Identify the lettered iii in this reaction scheme. 


D sin ti A wy Y porna, s 
equiv) dieldrin 
Cl 


aldrin 


Devise a stepwise synthesis of each compound from dicyclopentadiene using a Diels-Alder reaction as one step. You may also 
use organic compounds having < 4 C’s, and any required organic or inorganic reagents. 


HO ò 
HO b, o c. 
COOCH, a SAN 


Intramolecular Diels-Alder reactions are possible when a substrate contains both a 1,3-diene and a dienophile, as shown in the 
following general reaction. 


jm 


A . 
1,3-diene — i + A two new rings 
SS 


With this in mind, draw the product of each intramolecular Diels-Alder reaction. 
(0) COOCH; 


a ISNA AA — ee eee By 
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16.59 A transannular Diels-Alder reaction is an intramolecular reaction that occurs when the diene and dienophile are contained in 
one ring, resulting in the formation of a tricyclic ring system. Draw the product formed when the following triene undergoes a 
transannular Diels—Alder reaction. 


General Reactions 
16.60 Draw a stepwise mechanism for the following reaction. 


AS on HBr Ry + hei es + HO 
Br 


16.61 Draw the products of each reaction. Indicate the stereochemistry of Diels-Alder products. 


HCl 
(1 equiv) 


COOH 
HI bee A 
b. equiv) e. + | ———=> 
COOH 
O 
aa 
al o +f » — i. -Hir 
== (1 equiv) 
O 


16.62 Which benzylic halide reacts faster in an Sy1 reaction? Explain. 


Br (0) Br 


A B 


a. (CHg)s;C=CHCH,CH,CH=CH, d ANA + A coocn, a, 


16.63 Like alkenes, conjugated dienes can be prepared by elimination reactions. Draw a stepwise mechanism for the acid-catalyzed 
dehydration of 3-methyl-2-buten-1-ol [(CH3)2C = CHCH;OH] to isoprene [CH2 = C(CH3)CH= CH3). 


16.64 (a) Draw the two isomeric dienes formed when CH= CHCH,CH(CI)CH(CHs)z is treated with an alkoxide base. (b) Explain why 
the major product formed in this reaction does not contain the more highly substituted alkene. 


Spectroscopy 


16.65 The treatment of isoprene [CH2=C(CH3)CH=CH,] with one equivalent of mCPBA forms A as the major product. A gives a 
molecular ion at 84 in its mass spectrum, and peaks at 2850-3150 cm in its IR spectrum. The 'H NMR spectrum of A is given 
below. What is the structure of A? 


1H NMR of A 


2H 
1H | 
2H 
Jaini naana iiis i 


8 7 6 5 4 3 2 | “0 
ppm 
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16.66 The treatment of (CH3)2C = CHCH2Br with H20 forms B (molecular formula C5H; 90) as one of the products. Determine the 
structure of B from its 'H NMR and IR spectra. 


100 


1H NMR of B 


% Transmittance 
a 
=) 


4000 3500 3000 2500 2000 1500 1000 £500 
Wavenumber (cm) 


UV Absorption 
16.67 Rank the following compounds in the order of increasing Amax- 
16.68 Explain why ferulic acid, a natural product found in rice, oats, and other plants, is both an antioxidant and a sunscreen. 
Sy -COZH 
HO 
CH3 
ferulic acid 


Challenge Problems 


16.69 Addition of HBr to allene (CH2= C = CH3} forms 2-bromo-1-propene rather than 3-bromo-1-propene, even though 3-bromo-1- 
propene is formed from an allylic carbocation. Considering the arrangement of orbitals in the allene reactant, explain this result. 


HBr By 
CH»=C=CH, 25 as yw: 
2-bromo-1-propene 3-bromo-1-propene 


NOT formed 


16.70 Determine the hybridization around the N atom in each amine and explain why cyclohexanamine is 10° times more basic than 


aniline. 
Om Om 


cyclohexanamine aniline 


16.71 Devise a synthesis of X from the given starting materials. You may use any organic or inorganic reagents. Account for the 
stereochemistry observed in X. 
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16.72 One step in the synthesis of occidentalol, a natural product isolated from the eastern white cedar tree, involved the following 
reaction. Identify the structure of A and show how A is converted to B. 


_several | 
LL — a —4- AWI ~ steps — 
pte, 


es en 
(-)-occidentalol 


16.73 One step in the synthesis of dodecahedrane (Section 4.11) involved reaction of the tetraene C with dimethylacetylene 
dicarboxylate (D) to afford two compounds having molecular formula C16H1604. This reaction has been called a domino 
Diels-Alder reaction. Identify the two products formed. 


A several steps 
m twoproducts —————— 
C16H1604 
Cc 


+ 
CH302C—C=C—CO.CHg 
dimethylacetylene dicarboxylate 
D 


dodecahedrane 


16.74 Devise a stepwise mechanism for the conversion of M to N. N has been converted in several steps to lysergic acid, a naturally 
occurring precursor of the hallucinogen LSD (Figure 18.4). 


COCH; COH 


NOCH, NCHg 
“three steps steps 


M N lysergic acid 
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The structure of benzene 
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derivatives 
Spectroscopic properties 
Interesting aromatic 
compounds 
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stability 

The criteria for 
aromaticity—Hiickel’s 
rule 
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What is the basis of 
Huckel’s rule? 


17.10 The inscribed polygon 


method for predicting 
aromaticity 


17.11 Buckminsterfullerene—lIs 
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it aromatic? 


ae NS 
Sot DS N 


d 


-anun SSS 


i 
4 
: 
R 
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Capsaicin is responsible for the characteristic spicy flavor of jalapeño and habañero peppers. 
Although it first produces a burning sensation on contact with the mouth or skin, repeated 
application desensitizes the area to pain. This property has made it the active ingredient in sev- 
eral topical creams for the treatment of chronic pain. Capsaicin has also been used as an animal 
deterrent in pepper sprays, and as an additive to make birdseed squirrel-proof. Capsaicin is an 
aromatic compound because it contains a benzene ring. In this chapter, we learn about the 
characteristics of aromatic compounds like capsaicin. 


17.1 


For 6 C’s, the maximum 
number of H’s = 2n +2 = 

2(6) + 2 = 14. Because benzene 
contains only 6 H’s, it has 
14-6 = 8 H's fewer than 

the maximum number. This 
corresponds to 8 H’s/2 H’s for 
each degree of unsaturation = 
four degrees of unsaturation 
in benzene. 
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The hydrocarbons we have examined thus far—including the alkanes, alkenes, and alkynes, 
as well as the conjugated dienes and polyenes of Chapter 16—have been aliphatic hydrocarbons. 
In Chapter 17, we continue our study of conjugated systems with aromatic hydrocarbons. 


We begin with benzene and then examine other cyclic, planar, and conjugated ring systems to 
learn the modern definition of what it means to be aromatic. Then, in Chapter 18, we will learn 
about the reactions of aromatic compounds, highly unsaturated hydrocarbons that do not undergo 
addition reactions like other unsaturated compounds. An explanation of this behavior relies on an 
understanding of the structure of aromatic compounds presented in Chapter 17. 


Background 


Benzene (CH6) is the simplest aromatic hydrocarbon (or arene). Since its isolation by 
Michael Faraday from the oily residue remaining in the illuminating gas lines in London in 
1825, it has been recognized as an unusual compound. Based on the calculation introduced in 
Section 10.2, benzene has four degrees of unsaturation, making it a highly unsaturated 
hydrocarbon. But, whereas unsaturated hydrocarbons such as alkenes, alkynes, and dienes read- 
ily undergo addition reactions, benzene does not. For example, bromine adds to ethylene to form 
a dibromide, but benzene is inert under similar conditions. 


Ethyl hi P Br. H H ——— 
thylene _ 2 = 
(an alkene) ae > H Ç Ç H | addition product | 


H Br Br 


Br. 
CeHe ———  Noreaction 


Benzene does react with bromine, but only in the presence of FeBr3 (a Lewis acid), and the reac- 
tion is a substitution, not an addition. 


Bro substitution 
CeHe p Bra CeHsBr | Br replaces H | 


Thus, any structure proposed for benzene must account for its high degree of unsaturation and its 
lack of reactivity towards electrophilic addition. 


In the last half of the nineteenth century August Kekulé proposed structures that were close to the 
modern description of benzene. In the Kekulé model, benzene was thought to be a rapidly equili- 
brating mixture of two compounds, each containing a six-membered ring with three alternating 
n bonds. These structures are now called Kekulé structures. In the Kekulé description, the bond 
between any two carbon atoms is sometimes a single bond and sometimes a double bond. 


Kekulé description: r 
An equillbrium $ 


Although benzene is still drawn as a six-membered ring with three alternating 7 bonds, in reality 
there is no equilibrium between two different kinds of benzene molecules. Instead, current 
descriptions of benzene are based on resonance and electron delocalization due to orbital overlap, 
as detailed in Section 17.2. 


In the nineteenth century, many other compounds having properties similar to those of benzene 
were isolated from natural sources. Because these compounds possessed strong and characteristic 
odors, they were called aromatic compounds. It is their chemical properties, though, not their 
odor that make these compounds special. 


e Aromatic compounds resemble benzene—they are unsaturated compounds that do not 
undergo the addition reactions characteristic of alkenes. 
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17.2 


Some texts draw benzene as a 
hexagon with an inner circle: 


O 


t 


The circle represents the 
six x electrons, distributed over 
the six atoms of the ring. 


The Structure of Benzene 
Any structure for benzene must account for the following: 
e Benzene contains a six-membered ring and three additional degrees of unsaturation. 


e Benzene is planar. 
e All C-C bond lengths are equal. 


Although the Kekulé structures satisfy the first two criteria, they break down with the third, 


because having three alternating m bonds means that benzene should have three short double 
bonds alternating with three longer single bonds. 


Sa shortbond —~> «— long bond 
(exaggerated) (exaggerated) 


This structure implies that the C—C bonds 


° t 
should have two different lengths. ea shor boris 


e three long bonds 


Resonance 


Benzene is conjugated, so we must use resonance and orbitals to describe its structure. The reso- 
nance description of benzene consists of two equivalent Lewis structures, each with three double 
bonds that alternate with three single bonds. 


©— Q 


hybrid 


The electrons in the n bonds | 
_ are delocalized around the ring. 


The resonance description of benzene matches the Kekulé description with one important excep- 
tion. The two Kekulé representations are not in equilibrium with each other. Instead, the true 
structure of benzene is a resonance hybrid of the two Lewis structures, with the dashed lines of 
the hybrid indicating the position of the 1 bonds. 


We will use one of the two Lewis structures and not the hybrid in drawing benzene, because 
it is easier to keep track of the electron pairs in the 7 bonds (the m electrons). 


e Because each r bond has two electrons, benzene has six 7 electrons. 


The resonance hybrid of benzene explains why all C-C bond lengths are the same. Each 
C-C bond is single in one resonance structure and double in the other, so the actual bond 
length (139 pm) is intermediate between a carbon-carbon single bond (153 pm) and a carbon- 
carbon double bond (134 pm). 


$ = The C-C bonds in benzene are © 
CHs t so ee Q equal and intermediate in length. 


153 pm 134 pm | 139 pm | 
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Hybridization and Orbitals 


Each carbon atom in a benzene ring is surrounded by three atoms and no lone pairs of electrons, 
making it sp” hybridized and trigonal planar with all bond angles 120°. Each carbon also has 
a p orbital with one electron that extends above and below the plane of the molecule. 


| Benzene—A planar molecule 


We H# H 
EA @- H t H 
120° -@ > <7 sp” hybridized 
t 
p orbitals 


The six adjacent p orbitals overlap, delocalizing the six electrons over the six atoms of the ring 
and making benzene a conjugated molecule. Because each p orbital has two lobes, one above and 
one below the plane of the benzene ring, the overlap of the p orbitals creates two “doughnuts” of 
electron density, as shown in Figure 17.1a. The electrostatic potential plot in Figure 17.1b also 
shows that the electron-rich region is concentrated above and below the plane of the molecule, 
where the six 7 electrons are located. 


e Benzene’s six n electrons make it electron rich, so it reacts with electrophiles. 


Problem 17.1 Draw all possible resonance structures for the antihistamine diphenhydramine, the active ingredient 
in Benadryl. 
ote Chale 
diphenhydramine 


Problem 17.2 What orbitals are used to form the bonds indicated in each molecule? Of the indicated C- C 
bonds, which is the shortest? 


iag 
OT OO 


Figure 17.1 a. View of the p orbital overlap b. Electrostatic potential plot 


Two views of the electron 
density in a benzene ring 


e Overlap of six adjacent p orbitals creates e The electron-rich region (in red) is 
two rings of electron density, one above and concentrated above and below the ring 
one below the plane of the benzene ring. carbons, where the six m electrons are 


located. (The electron-rich region below the 
plane is hidden from view.) 
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17.3 Nomenclature of Benzene Derivatives 


Many organic molecules contain a benzene ring with one or more substituents, so we must learn 
how to name them. Many common names are recognized by the IUPAC system, however, so this 
complicates the nomenclature of benzene derivatives somewhat. 


17.3A Monosubstituted Benzenes 


To name a benzene ring with one substituent, name the substituent and add the word benzene. 
Carbon substituents are named as alkyl groups. 


/ Nenon con -c | 
e 2CH; 7 Chs Tcl] 
ethyl group | CHs chloro group 
tert-butyl group 
ethylbenzene tert-butylbenzene chlorobenzene 


Many monosubstituted benzenes, such as those with methyl (CH3—), hydroxy (~ OH), and 
amino (— NH3) groups, have common names that you must learn, too. 


l \-on ( \-on € Sow 


toluene phenol aniline 
(methylbenzene) (hydroxybenzene) {aminobenzene) 


17.3B Disubstituted Benzenes 


There are three different ways that two groups can be attached to a benzene ring, so a prefix— 
ortho, meta, or para—can be used to designate the relative position of the two substituents. 
Ortho, meta, and para are also abbreviated as 0, m, and p, respectively. 


1,2-Disubstituted benzene 1,3-Disubstituted asia a reer 1,4-Disubstituted benzene 
ortho isomer asia a reer isomer para isomer 
Br 


o-dibromobenzene m-dibromobenzene p-dibromobenzene 
or or or 
1,2-dibromobenzene 1,3-dibromobenzene 1,4-dibromobenzene 


If the two groups on the benzene ring are different, alphabetize the names of the substituents 
preceding the word benzene. If one of the substituents is part of a common root, name the mol- 
ecule as a derivative of that monosubstituted benzene. 


Alphabetize two different substituent names: Use a common root name: 
toluene phenol 
Br NO, <—nitro group | NO 
Cl | 
Br CH3 OH 
F mM 
o-bromochloro- m-fluoronitro- p-bromotoluene o-nitrophenol 


benzene benzene 
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17.3C Polysubstituted Benzenes 
For three or more substituents on a benzene ring: 


[1] Number to give the lowest possible numbers around the ring. 

[2] Alphabetize the substituent names. 

[3] When substituents are part of common roots, name the molecule as a derivative of that 
monosubstituted benzene. The substituent that comprises the common root is located 
at C1. 


Examples of naming polysubstituted benzenes 


1 


mola Cl 1 
2 ~ 
CI P+" tS CH2CH2CH3 iS Cl 
4 2 


5 
* Assign the lowest set of numbers. e Name the molecule as a derivative of the 
* Alphabetize the names of all the common root aniline. 
substituents. e Designate the position of the NH» group as “1,” 


and then assign the lowest possible set of 
numbers to the other substituents. 


4-chloro-1-ethyl-2-propylbenzene 2,5-dichloroaniline 


17.3D Naming Aromatic Rings as Substituents 


A benzene substituent (CsH;— ) is called a phenyl group, and it can be abbreviated in a structure 


as Ph-. 
Cr abbreviated as Ph- 


phenyl group 
He 


e A phenyl group (CgHs—) is formed by removing one hydrogen from benzene (CgHe). 


Benzene, therefore, can be represented as PhH, and phenol would be PhOH. 


H OH 
= CeH5—H = CgHs—OH 
PhH PhOH 
benzene phenol 
The benzyl group, another common substituent that contains a benzene ring, differs from a 


phenyl group. 
CHa—$ : 
“Non extra CH» group 


benzyl group phenyl group 
CgHsCH— CH5 ~ 


Finally, substituents derived from benzene, as well as all other substituted aromatic rings, are 
collectively called aryl groups. 
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Problem 17.3 Give the IUPAC name for each compound. 


OH CH3 


CHCH Br 
a. PhCH(CHa) b. LY ro d. 
I Cl 


Problem 17.4 Draw the structure corresponding to each name: 


a. isobutylbenzene d. m-bromoaniline 
b. o-dichlorobenzene e. 4-chloro-1,2-diethylbenzene 
c. cis-1,2-diphenylcyclohexane f. 3-tert-butyl-2-ethyltoluene 


Problem 17.5 What is the structure of propofol, which has the IUPAC name 2,6-diisopropylphenol? Propofol is 
an intravenous medication used to induce and maintain anesthesia. 


17.4 Spectroscopic Properties 


The important IR and NMR absorptions of aromatic compounds are summarized in Table 17.1. 


Table 17.1 Characteristic Spectroscopic Absorptions of Benzene Derivatives 


Type of spectroscopy Type of C,H Absorption 
IR absorptions Cyp2—H 3150-3000 cm” 
C=C (arene) 1600, 1500 cm" 
1H NMR absorptions Cy 6.5-8 ppm (highly deshielded protons) 
—H 
(aryl H) 
1.5-2.5 ppm (somewhat deshielded C,,»— H) 
Owe 
(benzylic H) 
13C NMR absorption Cep? of arenes 120-150 ppm 


The absorption at 6.5-8.0 ppm in the 'H NMR spectrum is particularly characteristic of com- 
pounds containing benzene rings. All aromatic compounds have highly deshielded protons 
due to the ring current effect of the circulating x electrons, as discussed in Section 14.4. 
Observing whether a new compound absorbs in this region of a 'H NMR spectrum is one piece 
of data used to determine if it is aromatic. 


13C NMR spectroscopy is used to determine the substitution patterns in disubstituted benzenes, 
because each line in a spectrum corresponds to a different kind of carbon atom. For example, 
o-, m-, and p-dibromobenzene each exhibit a different number of lines in its °C NMR spectrum, 
as shown in Figure 17.2. 


Problem 17.6 What is the structure of a compound of molecular formula C19H,4O that shows a strong IR 
absorption at 3150-2850 cm” and gives the following 'H NMR absorptions: 1.4 (triplet, 6 H), 
4.0 (quartet, 4 H), and 6.8 (singlet, 4 H) ppm? 


Problem 17.7 How many '8C NMR signals does each compound exhibit? 


CH,CH, Chs 
or" OA OO 
cl 


BTX contains benzene, 
toluene, and xylene 
(the common name for 
dimethylbenzene). 
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Figure 17.2 


o-Dibromobenzene | m-Dibromobenzene | p-Dibromobenzene | 
13C NMR absorptions —— eel 
of the three isomeric Cy Cy Go 
dibromobenzenes } Br l J 
C> 11C 

Op ere : ; Br Br 

Br Br | | Br Ps Me 
i t me 
Cy Cy Ca Cy Ca 

three types of C's four types of C’s two types of C’s 

three ‘°C NMR signals four 13C NMR signals two '8C NMR signals 


* The number of signals (lines) in the 13C NMR spectrum of a disubstituted benzene with two 
identical groups indicates whether they are ortho, meta, or para to each other. 


17.5 Interesting Aromatic Compounds 


Benzene and toluene, the simplest aromatic hydrocarbons obtained from petroleum refining, are 
useful starting materials for synthetic polymers. They are two components of the BTX mixture 
added to gasoline to boost octane ratings. 


O Oe «« 


— benzene toluene p-xylene 
O Compounds containing two or more benzene rings that share carbon-carbon bonds are called 


polycyclic aromatic hydrocarbons (PAHs). Naphthalene, the simplest PAH, is the active ingre- 


naphthalene 
(used in mothballs) dient in mothballs. 
Benzo[a]pyrene, a more complicated PAH shown in Figure 17.3, is formed by the incomplete 
combustion of organic materials. It is found in cigarette smoke, automobile exhaust, and the 
fumes from charcoal grills. When ingested or inhaled, benzo[a]pyrene and other similar PAHs 
are oxidized to carcinogenic products, as discussed in Section 9.17. 
Figure 17.3 


Benzofa]pyrene, a 
common PAH 


benzo[a]pyrene 
(a polycyclic aromatic hydrocarbon) 


tobacco plant 


e Benzofa]pyrene, produced by the incomplete oxidation of organic compounds in tobacco, is 
found in cigarette smoke. 
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Figure 17.4 Helicene and twistoflex—Two synthetic polycyclic aromatic hydrocarbons 


| These two rings | 
. are not joined to 


twistoflex 


3-D structure 


Helicene and twistoflex are two synthetic PAHs whose unusual shapes are shown in Figure 
17.4. Helicene consists of six benzene rings. Because the rings at both ends are not bonded to 
each other, all of the rings twist slightly, creating a rigid helical shape that prevents the hydrogen 
atoms on both ends from crashing into each other. Similarly, to reduce steric hindrance between 
the hydrogen atoms on nearby benzene rings, twistoflex is also nonplanar. 


Both helicene and twistoflex are chiral molecules—that is, they are not superimposable on their 
mirror images, even though neither of them contains a stereogenic center. It’s their shape that makes 
them chiral, not the presence of carbon atoms bonded to four different groups. Each ring system is 
twisted into a shape that lacks a mirror plane, and each structure is rigid, thus creating the chirality. 


Many widely used drugs contain a benzene ring. Six examples are shown in Figure 17.5. 


each other. id 
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ef 
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helicene 3-D structure 
Figure 17.5 NHCH3 


Selected drugs that contain 
a benzene ring 


LA 
Q. 


Cl 


e Trade name: Zoloft 

¢ Generic name: sertraline 

e Use: a psychotherapeutic 
drug for depression and 
panic disorders 


e Trade name: Viracept 

e Generic name: nelfinavir 

e Use: an antiviral drug used 
to treat HIV 


Q 


e Trade name: Valium 
* Generic name: diazepam 
e Use: a sedative 


° N 
Si iy 
N 
CH2CH2CH, 


CH, 


e Trade name: Viagra 

e Generic name: sildenafil 

e Use: a drug used to treat 
erectile dysfunction 


O 


Q 


N(CH2CH3)2 


e Trade name: Novocain 
e Generic name: procaine 
e Use: a local anesthetic 


CO,CH;CH, 
N 
Na 
Cl \ yy 


e Trade name: Claritin 
e Generic name: loratadine 
e Use: an antihistamine 

for seasonal allergies 


The relative stability of 


conjugated dienes versus 
isolated dienes was first 
discussed in Section 16.9. 


Figure 17.6 
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17.6 Benzene’s Unusual Stability 


Considering benzene as the hybrid of two resonance structures adequately explains its equal 
C-C bond lengths, but does not account for its unusual stability and lack of reactivity toward 
addition. 


Heats of hydrogenation, which were used in Section 16.9 to show that conjugated dienes are 
more stable than isolated dienes, can also be used to estimate the stability of benzene. Equations 
[1]-[3] compare the heats of hydrogenation of cyclohexene, 1,3-cyclohexadiene, and benzene, all 
of which give cyclohexane when treated with excess hydrogen in the presence of a metal catalyst. 


AH? observed 
(kJ/mol) 


[1] Q O -120 
“Pac 


cyclohexene 
g 2h 
pi Pac “aie 2 Eg 7 | slightly more stable than | 
aieeao (small difference) two isolated double bonds { 
13] 3 SHM 
Pac | -208 | a y Z | much more stable than 


Benaia (large difference) three isolated double bonds 


TOONE 
| AH? “predicted” 
i (kJ/mol) 


The addition of one mole of H, to cyclohexene releases —120 kJ/mol of energy (Equation [1)). 
If each double bond is worth —120 kJ/mol of energy, then the addition of two moles of H, to 
1,3-cyclohexadiene (Equation [2]) should release 2 x -120 kJ/mol = -240 kJ/mol of energy. 
The observed value, however, is —-232 kJ/mol. This is slightly smaller than expected because 
1,3-cyclohexadiene is a conjugated diene, and conjugated dienes are more stable than two iso- 
lated carbon-carbon double bonds. 


The hydrogenations of cyclohexene and 1,3-cyclohexadiene occur readily at room temperature, 
but benzene can be hydrogenated only under forcing conditions, and even then the reaction is 
extremely slow. If each double bond is worth —120 kJ/mol of energy, then the addition of three 
moles of H, to benzene should release 3 x —120 kJ/mol = —360 kJ/mol of energy. In fact, the 
observed heat of hydrogenation is only —208 kJ/mol, which is 152 kJ/mol less than predicted and 
even lower than the observed value for 1,3-cyclohexadiene. Figure 17.6 compares the hypothetical 
and observed heats of hydrogenation for benzene. 


The huge difference between the hypothetical and observed heats of hydrogenation for benzene 
cannot be explained solely on the basis of resonance and conjugation. 


Benzene with three “regular” C=C bonds | 


A comparison between the 
observed and hypothetical 
fieatsethydrogenation MMT fe nek eee ee et ee eee 
for benzene |- __. Benzene is 152 kJ/mol ` Benzene is 152 kJ/mol | 


Q | lower in energy. | 
AH’ = —360 kJ/mol 


(hypothetical) AH? = —208 kJ/mol 


i (observed) 
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Problem 17.8 


17.7 


[1] 


e The low heat of hydrogenation of benzene means that benzene is especially stable, 
even more so than the conjugated compounds introduced in Chapter 16. This unusual 
stability is characteristic of aromatic compounds. 


Benzene’s unusual behavior in chemical reactions is not limited to hydrogenation. As mentioned 
in Section 17.1, benzene does not undergo addition reactions typical of other highly unsatu- 
rated compounds, including conjugated dienes. Benzene does not react with Br, to yield an 
addition product. Instead, in the presence of a Lewis acid, bromine substitutes for a hydrogen 
atom, thus yielding a product that retains the benzene ring. 


sé. — 
"Addition does not occu does not occur. al m ‘An addition product would no | product would no longer 
contain a benzene ring. 


Bp. | A substitution duct still t: 
| Substitution occurs. | product still contains ] 
i Cr Be eBra ey a benzene ring. 


This behavior is characteristic of aromatic compounds. The structural features that distinguish 
aromatic compounds from the rest are discussed in Section 17.7. 


Compounds A and B are both hydrogenated to methylcyciohexane. Which compound has the 
larger heat of hydrogenation? Which compound is more stable? 


O” er 
A B 


The Criteria for Aromaticity—Hückel’s Rule 


Four structural criteria must be satisfied for a compound to be aromatic: 


e A molecule must be cyclic, planar, completely conjugated, and contain a particular 
number of 7 electrons. 


A molecule must be cyclic. 


e To be aromatic, each p orbital must overlap with p orbitals on two adjacent atoms. 


The p orbitals on all six carbons of benzene continuously overlap, so benzene is aromatic. 
1,3,5-Hexatriene has six p orbitals, too, but the two on the terminal carbons cannot overlap with 
each other, so 1,3,5-hexatriene is not aromatic. 


| Cyclic compound | _ Acyclic compound 


ae t 
A Nt 
—¥ > 
i no overlap 
benzene 1,3,5-hexatriene 
Every p orbital overlaps with There can be no overlap between the 
two neighboring p orbitals. p orbitals on the two terminal C’s. 


aromatic not aromatic 


Hickel’s rule refers to the 
number of x electrons, not 
the number of atoms ina 
particular ring. 
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[2] A molecule must be planar. 


e All adjacent p orbitals must be aligned so that the ņ electron density can be delocalized. 


‘se AY 
n= / 


g v pan 
cyclooctatetraene -a tub-shaped, | | ee orbitals PAE aota 
not aromatic eight-membered ring | ectrons Cannot delocalize. 


For example, cyclooctatetraene resembles benzene in that it is a cyclic molecule with alternat- 
ing double and single bonds. Cyclooctatetraene is tub shaped, however, not planar, so overlap 
between adjacent m bonds is impossible. Cyclooctatetraene, therefore, is not aromatic, so it 
undergoes addition reactions like those of other alkenes. 


H 
H Bro Br 
H Br 
H 
cyclooctatetraene addition product 


[3] A molecule must be completely conjugated. 


e Aromatic compounds must have a p orbital on every atom in the ring. 


_ A completely conjugated ring | These rings are not completely conjugated. | 
O O> no p orbitals «—no p orbital 
benzene 1,3-cyclohexadiene 1,3,5-cycloheptatriene 
a p orbital on every C not aromatic not aromatic 
aromatic 


Both 1,3-cyclohexadiene and 1,3,5-cycloheptatriene contain at least one carbon atom that does 
not have a p orbital, and so they are not completely conjugated and therefore not aromatic. 


[4] A molecule must satisfy Hickel’s rule, and contain a particular number of x electrons. 


Some compounds satisfy the first three criteria for aromaticity, but still they show none of the 
stability typical of aromatic compounds. For example, cyclobutadiene is so highly reactive that 
it can only be prepared at extremely low temperatures. 


en T | 
I] a planar, cyclic, completely conjugated molecule 
| that is not aromatic 
cyclobutadiene ' 


It turns out that in addition to being cyclic, planar, and completely conjugated, a compound needs a 
particular number of r electrons to be aromatic. Erich Hiickel first recognized in 1931 that the follow- 
ing criterion, expressed in two parts and now known as Hiickel’s rule, had to be satisfied, as well: 


e An aromatic compound must contain 4n + 2 n electrons (n = 0, 1, 2, and so forth). 


e Cyclic, planar, and completely conjugated compounds that contain 4n x electrons are 
especially unstable, and are said to be antiaromatic. 
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Thus, compounds that contain 2, 6, 10, 14, 18, and so forth m electrons are aromatic, as shown 
in Table 17.2. Benzene is aromatic and especially stable because it contains 6 1 electrons. 
Cyclobutadiene is antiaromatic and especially unstable because it contains 4 7 electrons. 


Benzene Cyclobutadiene 
An aromatic compound An antiaromatic compound 


4n+2=4(1)+2= 4n=4(1) = 
6 n electrons 4 x electrons 
aromatic antiaromatic 


Table 17.2 The Number of 1 Electrons That Satisfy Hückel's Rule 


n 4n+2 


0 2 
1 6 
2 10 
3 14 
4, etc. 18 


Considering aromaticity, all compounds can be classified in one of three ways: 


[1] Aromatic ¢ A cyclic, planar, completely conjugated compound with 4n + 2 n 
electrons. 

[2] Antiaromatic ¢ A cyclic, planar, completely conjugated compound with 4n 1 
electrons. 

[3] Not aromatic ¢ A compound that lacks one (or more) of the four requirements 


(or nonaromatic) to be aromatic or antiaromatic. 


Note, too, the relationship between each compound type and a similar open-chained molecule 
having the same number of zt electrons. 


e An aromatic compound is more stable than a similar acyclic compound having the 
same number of m electrons. Benzene is more stable than 1,3,5-hexatriene. 


e An antiaromatic compound is less stable than an acyclic compound having the same 
number of x electrons. Cyclobutadiene is less stable than 1,3-butadiene. 


e A compound that is not aromatic is similar in stability to an acyclic compound having 
the same number of x electrons. 1,3-Cyclohexadiene is similar in stability to cis,cis-2,4- 
hexadiene, so it is not aromatic. 


f 
cza 


S ee 
QC] oac] OC 
A SS 
benzene 1,3,5-hexatriene cyclobutadiene 1,3-butadiene 1,3-cyclohexadiene cis, cis-2,4- 
— - oo hexadiene 
more stable less stable oer] 
| aromatic antiaromatic - similar stability + 


Problem 17.9 


17.8 


17.8A 


17.8 Examples of Aromatic Compounds 643 


'H NMR spectroscopy readily indicates whether a compound is aromatic, The protons on sp” 
hybridized carbons in aromatic hydrocarbons are highly deshielded and absorb at 6.5-8 ppm, 
whereas unsaturated hydrocarbons that are not aromatic absorb at 4.5-6 ppm, typical of protons 
bonded to the C=C of an alkene. Thus, benzene absorbs at 7.3 ppm, whereas cyclooctatetraene, 
which is not aromatic, absorbs farther upfield, at 5.8 ppm for the protons on its sp” hybridized 
carbons. 


H <—7.3 ppm 
benzene Ph-H region H<— 5.8 ppm 
aromatic cyclooctatetraene Cyye-H region 


not aromatic 


Many compounds in addition to benzene are aromatic. Several examples are presented in Sec- 
tion 17.8. 


Estimate where the protons bonded to the sp? hybridized carbons will absorb in the 'H NMR 
spectrum of each compound. 


CO -O rae, 


Examples of Aromatic Compounds 


In Section 17.8 we look at many different types of aromatic compounds. 


Aromatic Compounds with a Single Ring 


Benzene is the most common aromatic compound having a single ring. Completely conjugated 
rings larger than benzene are also aromatic if they are planar and have 4n + 2 n electrons. 


e Hydrocarbons containing a single ring with alternating double and single bonds are 
called annulenes. 


To name an annulene, indicate the number of atoms in the ring in brackets and add the word 
annulene, Thus, benzene is [6]-annulene. Both [14]-annulene and [18]-annulene are cyclic, 
planar, completely conjugated molecules that follow Hiickel’s rule, and so they are aromatic. 


aaa | 
a | 
— 
ae | 
[14]-annulene [18]-annulene 
4n+2=4(3)+2= 4n+2=4(4)+2= 
14 x electrons 18 x electrons 


aromatic aromatic 
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Problem 17.16 


17.8B 


Problem 17.11 


17.8C 


Recall from Section 9.3 
that a heterocycle is a ring 
that contains at least one 
heteroatom. 


(10]-Annulene has 10 n electrons, which satisfies Htickel’s rule, but a planar molecule would 
place the two H atoms inside the ring too close to each other, so the ring puckers to relieve this 
strain. Because [10]-annulene is not planar, the 10 7 electrons can’t delocalize over the entire 
ring and it is not aromatic. 


— — — 4 


| [10]-Annulene fits Hickel’s rule, j The molecule puckers to keep 
but it's not planar. | these H’s farther away from each other. 


[10]-annulene ee “@ á 


10 x electrons ” é 


not aromatic : 
3-D representation 


Would [16]-, [20]- or [22]-annulene be aromatic if each ring is planar? 


Aromatic Compounds with More Than One Ring 


Hiickel’s rule for determining aromaticity can be applied only to monocyclic systems, but many 
aromatic compounds containing several benzene rings joined together are also known. Two or 
more six-membered rings with alternating double and single bonds can be fused together to 
form polycyclic aromatic hydrocarbons (PAHs). Joining two benzene rings together forms 
naphthalene. There are two different ways to join three rings together, forming anthracene and 
phenanthrene, and many more complex hydrocarbons are known. 


naphthalene anthracene phenanthrene 
10 x electrons 14 x electrons 14 n electrons 


As the number of fused benzene rings increases, the number of resonance structures increases 
as well. Although two resonance structures can be drawn for benzene, naphthalene is a hybrid of 
three resonance structures. 


Three resonance structures 
for naphthalene : g < : 
j EF 


Draw the four resonance structures for anthracene. 


Aromatic Heterocycles 


Heterocycles containing oxygen, nitrogen, or sulfur—atoms that also have at least one lone 
pair of electrons—can also be aromatic. With heteroatoms, we must always determine whether 
the lone pair is localized on the heteroatom or part of the delocalized n system. Two examples, 
pyridine and pyrrole, illustrate these different possibilities. 
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Pyridine 
Pyridine is a heterocycle containing a six-membered ring with three x bonds and one nitro- 
gen atom. Like benzene, two resonance structures (with all neutral atoms) can be drawn. 


o~ ao 
aes | 


two resonance structures for pyridine 
6 n electrons 


Pyridine is cyclic, planar, and completely conjugated, because the three single and double bonds 
alternate around the ring. Pyridine has six x electrons, two from each x bond, thus satisfy- 
ing Hiickel’s rule and making pyridine aromatic. The nitrogen atom of pyridine also has a 
nonbonded electron pair, which is localized on the N atom, so it is not part of the delocalized 7 
electron system of the aromatic ring. 


How is the nitrogen atom of the pyridine ring hybridized? The N atom is surrounded by three 
groups (two atoms and a lone electron pair), making it sp? hybridized, and leaving one unhy- 
bridized p orbital with one electron that overlaps with adjacent p orbitals. The lone pair on N 
resides in an sp” hybrid orbital that is perpendicular to the delocalized r electrons, 


p= ———_ —— 


_ Six z electrons are delocalized in the ring. 
J 


Ly 


A H Fh : i 
| t | The lone pair occupies an sp? hybrid orbital, 

oo H <+— 
N | perpendicular to the direction of the six p orbitals. — 


H i 
sp? hybridized N . meae el 
A p orbital on N overlaps with adjacent p orbitals, 
making the ring completely conjugated. 
Pyrrole 


Pyrrole contains a five-membered ring with two x bonds and one nitrogen atom. The N atom 
also has a lone pair of electrons. 
UN 


N 
H 


pyrrole 


Pyrrole is cyclic and planar, with a total of four m electrons from the two m bonds. Is the non- 
bonded electron pair localized on N or part of a delocalized m electron system? The lone pair on 
N is adjacent to a double bond. Recall the following general rule from Section 16.5: 


e In a system X=Y-Z,;, Z is generally sp? hybridized and the lone pair occupies a p 
orbital to make the system conjugated. 
If the lone pair on the N atom occupies a p orbital: 


e Pyrrole has a p orbital on every adjacent atom, so it is completely conjugated. 
e Pyrrole has six n electrons—four from the x bonds and two from the lone pair. 


with 6 x electrons. 


B 
4Y th OS 
B ON 


-i 3 | 
| The ring is completely conjugated | 


N 
H 


sp? hybridized N sp? hybridized N 
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Figure 17.7 


Electrostatic potential maps of 
pyridine and pyrrole 


¢ In pyridine, the nonbonded electron pair is localized 
on the N atom in an sp” hybridized orbital, as shown 
by the region of high electron density (in red) on N. 


Scombroid fish poisoning, 
associated with facial flushing, 
hives, and general itching, is 
caused by the ingestion of 
inadequately refrigerated fish, 
typically mahimahi (pictured) 
and tuna. Bacteria convert the 
amino acid histidine (Chapter 
29) to histamine, which, when 
consumed in large amounts, 
results in this clinical syndrome. 


+ N1 resembles the N atom of pyrrole. 


pyridine pyrrole 


e In pyrrole, the nonbonded electron pair is in a p 
orbital and is delocalized over the ring, so the entire 
ring is electron rich (red). 


Because pyrrole is cyclic, planar, completely conjugated, and has 4n + 2 n electrons, pyrrole is 
aromatic. The number of electrons—not the size of the ring—determines whether a com- 
pound is aromatic. 


Electrostatic potential maps, shown in Figure 17.7 for pyridine and pyrrole, confirm that the lone 
pair in pyridine is localized on N, whereas the lone pair in pyrrole is part of the delocalized 
n system. Thus, a fundamental difference exists between the N atoms in pyridine and pyrrole. 


+ When a heteroatom is already part of a double bond (as in the N of pyridine), its lone 
pair cannot occupy a p orbital and so it cannot be delocalized over the ring. 


e When a heteroatom is not part of a double bond (as in the N of pyrrole), its lone pair can 
be located in a p orbital and delocalized over a ring to make it aromatic. 


Histamine 


Histamine, a biologically active amine formed in many tissues, has an aromatic heterocycle with 
two N atoms, one of which is similar to the N atom of pyridine and one of which is similar to the 
N atom of pyrrole. 


es J 
HN 
NAN, = ~ ~y 
histamine 4 


Histamine has a five-membered ring with two 7 bonds and two nitrogen atoms, each of which 
contains a lone pair of electrons. The heterocycle has four x electrons from the two double bonds. 
The lone pair on N1 also occupies a p orbital, making the heterocycle completely conjugated, and 
giving it a total of six % electrons. The lone pair on N1 is thus delocalized over the five-membered 
ring and the heterocycle is aromatic. The lone pair on N2 occupies an sp” hybrid orbital perpen- 
dicular to the delocalized x electrons. 
| The ring is completely conjugated, | 
HÑ | with 6 7 electrons. 


wh mes ae Sa tt Pe ED 
p” ; ẹ H 
soo Pe 
BAN 
"a H : H J N1: The lone pair resides in a p orbital. | 


N1 
| N2: The lone pair resides in an sp? hybrid orbital. | 


e N2 resembles the N atom of pyridine. 


Problem 17.12 


Quinine is isolated from the 
bark of the cinchona tree native 
to the Andes Mountains. 


Problem 17.15 


17.8D 


17.8 Examples of Aromatic Compounds 647 


Histamine produces a wide range of physiological effects in the body. Excess histamine is respon- 
sible for the runny nose and watery eyes symptomatic of hay fever. It also stimulates the over- 
production of stomach acid, and contributes to the formation of hives. These effects result from 
the interaction of histamine with two different cellular receptors. We will learn more about anti- 
histamines and antiulcer drugs, compounds that block the effects of histamine, in Section 25.6. 


Which heterocycles are aromatic? 
A 0: SS 
TE rf | " Cj af 
St oN: 
koy Q 0: N 


Problem 17.13 (a) How is each N atom in quinine, an effective antimalarial drug that reduces 
fever, hybridized? (b) In what type of orbital does the lone pair on each N reside? 


quinine 


Problem 17.14 Januvia is the trade name for sitagliptin, a drug that increases the body’s ability 
to lower blood sugar levels, and thus it was introduced in 2006 for the treatment of type 2 diabetes. 
(a) Explain why the five-membered ring in sitagliptin is aromatic. (b) Determine the hybridization of 
each N atom. (c) In what type of orbital does the lone pair on each N atom reside? 


CF, 
F an 
N Ay 


NH, O 


F sitagliptin 


Explain why a neutral aromatic heterocycle in a five-membered ring can have only one oxygen 
atom but two or more nitrogen atoms. 


Charged Aromatic Compounds 


Both negatively and positively charged ions can also be aromatic if they satisfy all the necessary 
criteria. 


Cyclopentadieny! Anion 


The cyclopentadienyl anion is a cyclic and planar anion with two double bonds and a non- 
bonded electron pair. In this way it resembles pyrrole. The two r bonds contribute four electrons 
and the lone pair contributes two more, for a total of six. By Htickel’s rule, having six x electrons 
confers aromaticity. Like the N atom in pyrrole, the negatively charged carbon atom must be 
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sp” hybridized, and the nonbonded electron pair must occupy a p orbital for the ring to be 
completely conjugated. 


| The cyclopentadienyl anion The ring is completely conjugated 
* | with 6 x electrons. 


{ { 
4 ¢ En 
d H r 3 H 
ZH + 
sp? hybridized C : t 


The lone pair resides in a p orbital. 


e The cyclopentadienyl anion is aromatic because it is cyclic, planar, completely 
conjugated, and has six z electrons. 


We can draw five equivalent resonance structures for the cyclopentadienyl anion, delocal- 
izing the negative charge over every carbon atom of the ring. 


| A $ 
3 — ipo — a — 2 
y DKI ` 


Although five resonance structures can also be drawn for both the cyclopentadienyl cation and 
radical, only the cyclopentadienyl anion has six 7 electrons, a number that satisfies Htickel’s 
rule. The cyclopentadienyl cation has four 7 electrons, making it antiaromatic and especially 
unstable. The cyclopentadieny] radical has five 7 electrons, so it is neither aromatic nor antiaro- 
matic. Having the “right” number of electrons is necessary for a species to be unusually stable 
by virtue of aromaticity. 


© a Q 


cyclopentadienyl anion cyclopentadienyl cation cyclopentadienyl radical 
e 6 x electrons ¢ 4 q electrons e 5 7 electrons 
* contains 4n + 2 7 electrons ¢ contains 4n x electrons e does not contain either 4n 


or 4n + 2 7 electrons 


aromatic antiaromatic nonaromatic 


The cyclopentadieny] anion is readily formed from cyclopentadiene by a Br¢nsted—Lowry acid- 
base reaction. 


+ — +  H-B* 
no p orbital ——> an a 


H H :B H 
cyclopentadiene cyclopentadienyl anion 
not aromatic aromatic 
pKa = 15 a stabilized conjugate base 


Cyclopentadiene itself is not aromatic because it is not fully conjugated. The cyclopentadieny] 
anion, however, is aromatic, so it is a very stable base. As such, it makes cyclopentadiene more 
acidic than other hydrocarbons. In fact, the pK, of cyclopentadiene is 15, much lower (more 
acidic) than the pK, of any C-H bond discussed thus far. 


e Cyclopentadiene is more acidic than many hydrocarbons because its conjugate base 
is aromatic. 


Py oblem FAFA 


The cyclopentadieny! anion 
and the tropylium cation both 
illustrate an important principle: 
The number of 7 electrons 
determines aromaticity, not 
the number of atoms in a ring 
or the number of p orbitals that 
overlap. The cyclopentadieny| 
anion and tropylium cation are 
aromatic because they each 
have six n electrons. 


Problem 17.18 


Preblem 17.19 


Problem 17.20 
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Draw the product formed when 1,3,5-cycloheptatriene (pK, = 39) is treated with a strong base. Why 
is its pK, so much higher than the pK, of cyclopentadiene? 


H B 


H 


1,3,5-cycloheptatriene 
pK, = 39 


Rank the following compounds in order of increasing acidity. 


Q O ë Q 


Tropylium Cation 


The tropylium cation is a planar carbocation with three double bonds and a positive charge 
contained in a seven-membered ring. This carbocation is completely conjugated, because the 
positively charged carbon is sp* hybridized and has a vacant p orbital that overlaps with the six p 
orbitals from the carbons of the three double bonds. Because the tropylium cation has three 7 
bonds and no other nonbonded electron pairs, it contains six x electrons, thereby satisfying 


Hiickel’s rule. 
| The tropylium cation | The ring is completely conjugated 


with 6 z electrons. 


m~ 


} 
H 


H 


sp? hybridized C H 


t — 
One p orbital is vacant. | 


e The tropylium cation is aromatic because it is cyclic, planar, completely conjugated, 
and has six 7 electrons delocalized over the seven atoms of the ring. 


Draw the seven resonance structures for the tropylium cation. 


Assuming the rings are planar, which ions are aromatic? 


ga e e 


Compound A exhibits a peak in its 'H NMR spectrum at 7.6 ppm, indicating that it is aromatic. How 
are the carbon atoms of the triple bonds hybridized? In what type of orbitals are the x electrons of 
the triple bonds contained? How many z electrons are delocalized around the ring in A? 


SS 
H <—— absorbs at 7.6 ppm 
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17.9 


17.9A 


What Is the Basis of Huckel’s Rule? 


Why does the number of z electrons determine whether a compound is aromatic? Cyclobu- 
tadiene is cyclic, planar, and completely conjugated, just like benzene, but why is benzene aro- 
matic and cyclobutadiene antiaromatic? 


tl [ Both molecules are: | O 
— : — 
| e cyclic 


| e planar 
te completely conjugated 


benzene 
6 n electrons 


cyclobutadiene 
4 n electrons 


antiaromatic aromatic 


[ i How can we account for this difference? I 


A complete explanation is beyond the scope of an introductory organic chemistry text, but nev- 
ertheless, you can better understand the basis of aromaticity by learning more about orbitals and 
bonding. 


Bonding and Antibonding Orbitals 


So far we have used the following basic concepts to describe how bonds are formed: 


e Hydrogen uses its 1s orbital to form o bonds with other elements. 
e Second-row elements use hybrid orbitals (sp, sp”, or spô) to form o bonds. 
e Second-row elements use p orbitals to form x bonds. 


This description of bonding is called valence bond theory. In valence bond theory, a covalent 
bond is formed by the overlap of two atomic orbitals, and the electron pair in the resulting bond 
is shared by both atoms. Thus, a carbon-carbon double bond consists of a © bond, formed by 
overlap of two sp* hybrid orbitals, each containing one electron, and a 7 bond, formed by overlap 
of two p orbitals, each containing one electron. 


This description of bonding works well for most of the organic molecules we have encountered 
thus far. Unfortunately, it is inadequate for describing systems with many adjacent p orbitals that 
overlap, as there are in aromatic compounds. To more fully explain the bonding in these systems, 
we must utilize molecular orbital (MO) theory. 


MO theory describes bonds as the mathematical combination of atomic orbitals that form a new 
set of orbitals called molecular orbitals (MOs). A molecular orbital occupies a region of space 
in a molecule where electrons are likely to be found. When forming molecular orbitals from 
atomic orbitals, keep in mind: 


e A set of n atomic orbitals forms n molecular orbitals. 
If two atomic orbitals combine, two molecular orbitals are formed. This is fundamentally differ- 


ent than valence bond theory. Because aromaticity is based on p orbital overlap, what does MO 
theory predict will happen when two p (atomic) orbitals combine? 


17.9 What Is the Basis of Htickel’s Rule? 651 


The two lobes of each p orbital are opposite in phase, with a node of electron density at the 
nucleus. When two p orbitals combine, two molecular orbitals should form. The two p orbitals 
can add together constructively—that is, with like phases interacting—or destructively—that is, 
with opposite phases interacting. 


T * KEKE) 
bi hd ie oar 


f 


increased electron density no electron density 
between the nuclei between the nuclei 


| n bonding molecular orbital | | m* antibonding molecular orbital j 


e When two p orbitals of similar phase overlap side-by-side, a n bonding molecular orbital 
results. 


e When two p orbitals of opposite phase overlap side-by-side, a x* antibonding molecular 
orbital results. 


A 7 bonding MO is lower in energy than the two atomic p orbitals from which it is formed 
because a stable bonding interaction results when orbitals of similar phase combine. A bonding 
interaction holds nuclei together. Similarly, a n* antibonding MO is higher in energy because a 
destabilizing node results when orbitals of opposite phase combine. A destabilizing interaction 
pushes nuclei apart. 


Tf two atomic p orbitals each have one electron and then combine to form MOs, the two electrons 
will occupy the lower energy m bonding MO, as shown in Figure 17.8. 


Figure 17.8 ner 
Combination of two p orbitals Tha antibonding Mo: ls:vacant 
to form 7 and n* molecular x 
orbitals ? 


` 
pA a 
Oe 
ane, 
, a 


Two electrons occupy the bonding MO. 


p orbital 


e Two atomic p orbitals combine to form two molecular orbitals. The bonding r MO is lower in 
energy than the two p orbitals from which it was formed, and the antibonding x* MO is higher in 
energy than the two p orbitals from which it was formed. 

e Two electrons fill the lower energy bonding MO first. 
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17.9B Molecular Orbitals Formed When More Than Two p 
Orbitals Combine 


The molecular orbital description of benzene is much more complex than the two MOs formed 
in Figure 17.8. Because each of the six carbon atoms of benzene has a p orbital, six atomic p 
orbitals combine to form six m molecular orbitals, as shown in Figure 17.9. A description of the 
exact appearance and energies of these six MOs requires more sophisticated mathematics and 
understanding of MO theory than is presented in this text. Nevertheless, note that the six MOs 
are labeled w,—We, with y, being the lowest in energy and we the highest. 


Figure 17.9 no bonding interactions 


How the six p orbitals of le H | 


benzene overlap to form six Sa 
molecular orbitals highest energy MO | 


T Ye” Antibonding MOs result. 


AALA S E. E >- SN 
AEETIS 


6 porbitals — \A, 
\ 


i HOMO 4h HOMO 


| lowest energy MO K_A 
r= = 


all bonding interactions 


Bonding MOs result. 


e Depicted in this diagram are the interactions of the six atomic p orbitals of benzene, which form 
six molecular orbitals. When orbitals of like phase combine, a bonding interaction results. When 
orbitals of opposite phase combine, a destabilizing node results. 


The most important features of the six benzene MOs are as follows: 


e The larger the number of bonding interactions, the lower in energy the MO. The lowest 
energy molecular orbital (y) has all bonding interactions between the p orbitals. 

The larger the number of nodes, the higher in energy the MO. The highest energy MO 
(We*) has all nodes between the p orbitals. 

Three MOs are lower in energy than the starting p orbitals, making them bonding MOs (y;, 
Wo, W3), whereas three MOs are higher in energy than the starting p orbitals, making them 
antibonding MOs (wy*, Ws*, We"). 

e The two pairs of MOs (yw, and y3; yy* and ws*) with the same energy are called degenerate 
orbitals. 

The highest energy orbital that contains electrons is called the highest occupied molecu- 
lar orbital (HOMO). For benzene, the degenerate orbitals y and y; are the HOMOs. 

The lowest energy orbital that does not contain electrons is called the lowest unoccu- 
pied molecular orbital (LUMO). For benzene, the degenerate orbitals y,* and ys;* are the 
LUMOs. 
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To fill the MOs, the six electrons are added, two to an orbital, beginning with the lowest energy 
orbital. As a result, the six electrons completely fill the bonding MOs, leaving the antibonding 
MOs empty. This is what gives benzene and other aromatic compounds their special stability and 
this is why six 7 electrons satisfies Hiickel’s 4n + 2 rule. 


e All bonding MOs (and HOMOs) are completely filled in aromatic compounds. No r 
electrons occupy antibonding MOs. 


17.10 The Inscribed Polygon Method for Predicting Aromaticity 


To predict whether a compound has 7 electrons completely filling bonding MOs, we must know 
how many bonding molecular orbitals and how many 7 electrons it has. It is possible to predict 
the relative energies of cyclic, completely conjugated compounds, without sophisticated math (or 
knowing what the resulting MOs look like) by using the inscribed polygon method. 


An inscribed polygon is also 
called a Frost circle. 


How To Use the Inscribed Polygon Method to Determine the Relative Energies of 
Completely Conjugated Compounds 


Example Plot the relative energies of the MOs of benzene 


Step [1] Draw the polygon in question inside a circle with its vertices touching the circle and one of the vertices pointing 
down. Mark the points at which the polygon intersects the circle. 


e Inscribe a hexagon inside a circle for benzene. The six vertices of the hexagon form six points of intersection, 
corresponding to the six MOs of benzene. The pattern—a single MO having the lowest energy, two degenerate pairs of 
MOs, and a single highest energy MO—matches that found in Figure 17.9. 


1 MO highest in energy 


<— 2 MOs of equal energy 
(degenerate MOs) 


<— 2 MOs of equal energy 
| (degenerate MOs) 


1 MO lowest in energy — S 


Step [2] Draw a line horizontally through the center of the circle and label MOs as bonding, nonbonding, or antibonding. 


¢ MOs below this line are bonding, and lower in energy than the p orbitals from which they were formed. Benzene has 
three bonding MOs. 

e MOs at this line are nonbonding, and equal in energy to the p orbitals from which they were formed. Benzene has no 
nonbonding MOs. 

e MOs above this line are antibonding, and higher in energy than the p orbitals from which they were formed. Benzene 
has three antibonding MOs. 


Step [3] Add the electrons, beginning with the lowest energy MO. 


e All the bonding MOs (and the HOMOs) are completely filled in aromatic compounds. No 7 electrons occupy 
antibonding MOs. 
e Benzene is aromatic because it has six x electrons that completely fill the bonding MOs. 


| antibonding MOs | No electrons occupy 


antibonding orbitals. 


— -= <— All bonding MOs are filled. 


_ bonding MOs | 
= — Benzene is aromatic. 
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This method works for all monocyclic, completely conjugated hydrocarbons regardless of ring 
size. Figure 17.10 illustrates MOs for completely conjugated five- and seven-membered rings 
using this method. The total number of MOs always equals the number of vertices of the poly- 
gon. Because both systems have three bonding MOs, each needs six 7 electrons to fully occupy 
them, making the cyclopentadieny] anion and the tropylium cation aromatic, as we learned in 
Section 17.8D. 


Figure 17.10 Five-membered ring Seven-membered ring | 
Using the inscribed polygon 


method for five- and seven- Always draw the polygon with a vertex pointing down: 
membered rings 


three bonding MOs | lin | three bonding MOs 


¢ Both systems have three bonding MOs. 
e Both systems need six x electrons to be aromatic. 


! ! 


eo Q 


6 x electrons 6 7 electrons 
cyclopentadienyl anion tropylium cation 


The inscribed polygon method is consistent with Hiickel’s 4n + 2 rule; that is, there is always 
one lowest energy bonding MO that can hold two 7 electrons and the other bonding MOs come 
in degenerate pairs that can hold a total of four m electrons. For the compound to be aromatic, 
these MOs must be completely filled with electrons, so the “magic numbers” for aromaticity fit 
Hiickel’s 4n + 2 rule (Figure 17.11). 


MO Pi eskina + + 
completely conjugated systers bonding molecular orbitals 4 4 4 4 
a a a a a E G: 

+ | 4 + | 4+ 


2+4= 2+4+4= 24+44+44+4= 
2 electrons 6 electrons 10 electrons 14 electrons 


| Hiickel’s rule P 4(0) +2 4(1) +2 4(2) +2 4(3) +2 


Sample Problem 17.1 Use the inscribed polygon method to show why cyclobutadiene is not aromatic. 


LI 


cyclobutadiene 
4 n electrons 


Solution 


Cyclobutadiene has four MOs (formed from its four p orbitals), to which its four n electrons must 
be added. 
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Step [1] Inscribe a square with a vertex down and mark its four points of intersection with the circle. 


e The four points of intersection correspond to the four MOs of cyclobutadiene. 
Steps [2] and [3] Draw a line through the center of the circle, label the MOs, and add the electrons. 


antibonding MO ———> 


nonbonding MOs —> 


bonding MO 


e Cyclobutadiene has four MOs—one bonding, two nonbonding, and one antibonding. 

e Adding cyclobutadiene’s four z electrons to these orbitals places two in the lowest energy 
bonding MO and one each in the two nonbonding MOs. 

¢ Separating electrons in two degenerate MOs keeps like charges farther away from each other. 


Conclusion: Cyclobutadiene is not aromatic because its HOMOs, two degenerate nonbonding MOs, 
are not completely filled. 


The procedure followed in Sample Problem 17.1 also illustrates why cyclobutadiene is antiaro- 
matic. Having the two unpaired electrons in nonbonding MOs suggests that cyclobutadiene 
should be a highly unstable diradical. In fact, antiaromatic compounds resemble cyclobutadiene 
because their HOMOs contain two unpaired electrons, making them especially unstable. 


Problem 17.21 Use the inscribed polygon method to show why the following cation is aromatic: 
> 


Problem 17.22 Use the inscribed polygon method to show why the cyclopentadieny! cation and radical are not 
aromatic. 


17.11 Buckminsterfullerene—lIs It Aromatic? 


The two most common elemental forms of carbon are diamond and graphite. Diamond, one of 
the hardest substances known, is used for industrial cutting tools, whereas graphite, a slippery 
black substance, is used as a lubricant. Their physical characteristics are so different because their 
molecular structures are very different. 


The structure of diamond consists of a continuous tetrahedral network of sp? hybridized carbon 
atoms, thus creating an infinite array of chair cyclohexane rings (without the hydrogen atoms). 
The structure of graphite, on the other hand, consists of parallel sheets of sp” hybridized carbon 
atoms, thus creating an infinite array of benzene rings. The parallel sheets are then held together 
by weak intermolecular interactions. 


viewed edge-on 
Diamond and a ie Gee 
graphite are two CREASE 
elemental forms 


diamond graphite Graphite exists in planar sheets 
an “infinite” array of six-membered rings, an “infinite” array of benzene rings, of benzene rings, held together 
covalently bonded in three dimensions covalently bonded in two dimensions by weak intermolecular forces. 
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Buckminsterfullerene (Ceo) is a third elemental form of carbon. Its structure consists of 20 hexa- 
gons and 12 pentagons of sp? hybridized carbon atoms joined in a spherical arrangement. It is 
completely conjugated because each carbon atom has a p orbital with an electron in it. 


Buckminsterfullerene (or 
buckyball) was discovered by 
Smalley, Curl, and Kroto, who 
shared the 1996 Nobel Prize 


| buckminsterfullerene, Cgg | 


in Chemistry for their work. Its 20 hexagons + 12 pentagons 

unusual name stems from its of carbon atoms joined together 

shape, which resembles the The 60 C's of buckminsterfullerene are drawn. Each C also 
geodesic dome invented by R. contains a p orbital with one electron, which is not drawn. 


Buckminster Fuller. The pattern s .. . Pi : 
of five- and six-membered rings IS Cso aromatic’? Although it is completely conjugated, it is not planar. Because of its curvature, 


also resembles the pattern of it is not as stable as benzene. In fact, it undergoes addition reactions with electrophiles in much 

rings on a soccer ball. the same way as ordinary alkenes. Benzene, on the other hand, undergoes substitution reactions 
with electrophiles, which preserves the unusually stable benzene ring intact. These reactions are 
the subject of Chapter 18. 


rere 


Problem 17.23 How many ‘°C NMR signals does Ceo exhibit? 


KEY CONCEPTS > O 4 


Benzene and Aromatic Compounds 


Comparing Aromatic, Antiaromatic, and Nonaromatic Compounds (17.7) 
e Aromatic compound e Acyclic, planar, completely conjugated compound that contains 4n + 2 1 electrons 
(n =0, 1, 2, 3, and so forth). 
e — An aromatic compound is more stable than a similar acyclic compound having the 
same number of x electrons. 


¢ Antiaromatic compound e Acyclic, planar, completely conjugated compound that contains 4n x electrons 
(n = 0, 1, 2, 3, and so forth). 
e — An antiaromatic compound is less stable than a similar acyclic compound having the 
same number of z electrons. 


e Nonaromatic compound e A compound that lacks one (or more) of the four requirements to be aromatic or 
antiaromatic. 


Properties of Aromatic Compounds 
¢ Every atom in the ring has a p orbital to delocalize electron density (17.2). 
e They are unusually stable. AH° for hydrogenation is much less than expected, given the number of degrees of unsaturation (17.6). 
e They do not undergo the usual addition reactions of alkenes (17.6). 
e 'H NMR spectra show highly deshielded protons because of ring currents that reinforce the applied magnetic field (17.4). 
¢ All bonding MOs and HOMOs are completely filled and no electrons occupy antibonding orbitals (17.9). 
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Examples of Aromatic Compounds with Six r Electrons (17.8) 


O Q ® 8 Q 


benzene pyridine pyrrole cyclopentadienyl| tropylium 
anion cation 


Examples of Compounds That Are Not Aromatic (17.8) 


re A & 


not cyclic not planar not completely 
conjugated 


PROBLEMS me —— is 


Problems Using Three-Dimensional Models 


17.24 Name each compound and state how many lines are observed in its °C NMR spectrum, 


w 
¥ J 
y D @ o o 
s 0 0, o o 
@ ® 
a. 35 b. © © 
a @ @ v @ v 
a o~ 
Jy @ 
v o @ 
17.25 Classify each compound as aromatic, antiaromatic, or not aromatic. 
A 
w @ aw 
{v I (A) wl 
a @ a bp @ eo © ə” 
: go ; @ C: 
p“ CE © 9 @ 
v @ @ Y 
w 


Benzene Structure and Nomenclature 


17.26 Early structural studies on benzene had to explain the following experimental evidence. When benzene was treated with Bro 
(plus a Lewis acid), a single substitution product of molecular formula CgHsBr was formed. When this product was treated with 
another equivalent of Bro, three different compounds of molecular formula CgH,Br2 were formed. 

a. Explain why a single Kekulé structure is consistent with the first result, but does not explain the second result. 
b. Then explain why a resonance description of benzene is consistent with the results of both reactions. 


17.27 Draw all aromatic hydrocarbons that have molecular formula CgH;9. For each compound, determine how many isomers of 
molecular formula CsHgBr would be formed if one H atom on the benzene ring were replaced by a Br atom. 


17.28 Give the IUPAC name for each compound. 


Br CHCH CH,CH;CH, 
a. c. È jo e. g. 
Br 


NH3 CH(CHg)2 
OH 
NO, 


Cl NH, Br 
Cl ON Ph 
H 


2CH3 
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17.29 Draw a structure corresponding to each name. 


a. p-dichlorobenzene 
b. m-chlorophenol 

c. p-iodoaniline 

d. o-bromonitrobenzene 


2,6-dimethoxytoluene 
2-phenyl-1-butene 
2-phenyl-2-propen-1-ol 
trans-1-benzyl-3-phenylcyclopentane 


Pano 


17.30 a. Draw the 14 constitutional isomers of molecular formula CgHgCl that contain a benzene ring. 
b. Name all compounds that contain a trisubstituted benzene ring. 
c. For which compound(s) are stereoisomers possible? Draw all possible stereoisomers. 
Aromaticity 
17.31 How many z electrons are contained in each molecule? 
17.32 Which compounds are aromatic? For any compound that is not aromatic, state why this is so. 
17.33 Which of the following heterocycles are aromatic? 
EN ae JO; TE 
T Ne 
a. c. f e || | g. N 
\_/ D = 
G << U E 
b. J d. f. h. Pia 
0% N $ N 
17.34 Label each compound as aromatic, antiaromatic, or not aromatic. Assume all completely conjugated rings are planar. 
1@} 
N T 
OS ec -O «A 
Z z4 
17.35 Hydrocarbon A possesses a significant dipole, even though it is composed of only C-C and C- H bonds. Explain why the 
dipole arises and use resonance structures to illustrate the direction of the dipole. Which ring is more electron rich? 
A 
17.36 Pentalene, azulene, and heptalene are conjugated hydrocarbons that do not contain a benzene ring. Which hydrocarbons are 
especially stable or unstable based on the number of x electrons they contain? Explain your choices. 
pentalene azulene heptalene 
17.37 The purine heterocycle occurs commonly in the structure of DNA. 


c. How many z electrons does purine contain? 


NZ N a. How is each N atom hybridized? 

oe b. In what type of orbital does each lone pair on a N atom reside? 

nv ON 
H d. Why is purine aromatic? 


purine 


Problems 659 


17.38 a. How many r electrons does © contain? 
b. How many z electrons are delocalized in the ring? 


c. Explain why C is aromatic. 


Cc 


17.39 AZT was the first drug approved to treat HIV, the virus that causes AIDS. Explain why the six-membered ring of AZT is aromatic. 


HO O, = 
N re) 
Na” y-NH 


AZT 


17.40 Explain the observed rate of reactivity of the following 2° alkyl halides in an Sy1 reaction. 


O OF © 
© Increasing reactivity E> 


17.41 Draw a stepwise mechanism for the following reaction. 


ie [1] NaH O> TF To S Maai 
D BRO 


17.42 Explain why o-pyrone reacts with Br to yield a substitution product (like benzene does), rather than an addition product to one 


of its C=C bonds. 
O 
(©) 


[6] 
&-pyrone 


Resonance 
17.43 Draw additional resonance structures for each species. 


. A a). oy 
H 


cyclopropenyl radical pyrrole phenanthrene 


17.44 The carbon-carbon bond lengths in naphthalene are not equal. Use a resonance argument to explain why bond (a) is shorter 
than bond (b). 
eo (a) 136 pm 


‘oe (b) 142 pm 


17.45 j \ [ \ a. Draw all reasonable resonance structures for pyrrole and explain why pyrrole is less resonance 
stabilized than benzene. 
b. Draw all reasonable resonance structures for furan and explain why furan is less resonance 


pyrrole furan stabilized than pyrrole. 
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Acidity 
17.46 Which compound in each pair is the stronger acid? 


a ae ie or l \ b. (\ or A 


17.47 Treatment of indene with NaNH; forms its conjugate base in a Brønsted-Lowry acid-base reaction. Draw all reasonable 
resonance structures for indene’s conjugate base, and explain why the pK, of indene is lower than the pK, of most 


hydrocarbons. 
“Nat 


indene 
pKa = 20 


17.48 Considering both 5-methyl-1,3-cyclopentadiene (A) and 7-methyl-1,3,5-cycloheptatriene (B), which labeled H atom is most 
acidic? Which labeled H atom is least acidic? Explain your choices. 


Ha 
He 
Ak Hp CHa 
CH3 i 
d 
A B 


17.49 Draw the conjugate bases of pyrrole and cyclopentadiene. Explain why the sp? hybridized C- H bond of cyclopentadiene is 
more acidic than the N- H bond of pyrrole. 


17.50 a. Explain why protonation of pyrrole occurs at C2 to form A, rather than on the N atom to form B. 
b. Explain why A is more acidic than C, the conjugate acid of pyridine. 


HH C2 
A i AN H \ 
KA | N-H Ex / NH 
= H — H ns 
pyrrole pk, = 0.4 pKa = 5.3 
A B c 


Inscribed Polygon Method 


17.51 Use the inscribed polygon method to show the pattern of molecular orbitals in cyclooctatetraene. 


2K 
() oe C ) (one resonance structure) + 2 K+ 


cyclooctatetraene dianion of 
cyclooctatetraene 
a. Label the MOs as bonding, antibonding, or nonbonding. 
b. Indicate the arrangement of electrons in these orbitals for cyclooctatetraene, and explain why cyclooctatetraene is not 
aromatic. 
c. Treatment of cyclooctatetraene with potassium forms a dianion. How many r electrons does this dianion contain? 
d. How are the x electrons in this dianion arranged in the molecular orbitals? 
e. Classify the dianion of cyclooctatetraene as aromatic, antiaromatic, or not aromatic, and explain why this is so. 


17.52 Use the inscribed polygon method to show the pattern of molecular orbitals in 1,3,5,7-cyclononatetraene and use it to label its 
cation, radical, and anion as aromatic, antiaromatic, or not aromatic. 


cyclononatetraeny| cyclononatetraenyl cyclononatetraenyl 
cation radical anion 
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Spectroscopy 
17.53 How many 1°C NMR signals does each compound exhibit? 


CH3 CH, 
OO" O -CO +OCO 


CHCH; 


17.54 Which of the diethylbenzene isomers (ortho, meta, or para) corresponds to each set of °C NMR spectral data? 
[A] C NMR signals: 16, 29, 125, 127.5, 128.4, and 144 ppm 
[B] ‘°C NMR signals: 15, 26, 126, 128, and 142 ppm 
[C] C NMR signals: 16, 29, 128, and 141 ppm 


17.55 Propose a structure consistent with each set of data. 
a. Cy9Hy4: IR absorptions at 3150-2850, 1600, and 1500 cm! c. CgHio: IR absorptions at 3108-2875, 1606, and 1496 cm” 


1H NMR spectrum 1H NMR spectrum 


8 7 6 5 4 3 2 1 0 
ppm ppm 
b. CoH42: SC NMR signals at 21, 127, and 138 ppm 


1H NMR spectrum 


ppm 


17.56 Propose a structure consistent with each set of data. 

a. Compound A: 
Molecular formula: CgH; 90 
IR absorption at 3150-2850 cm” 
1H NMR data: 1.4 (triplet, 3 H), 3.95 (quartet, 2 H), and 6.8-7.3 (multiplet, 5 H) ppm 

b. Compound B: 
Molecular formula: CgH; 0. 
IR absorption at 1669 cm” 
1H NMR data: 2.5 (singlet, 3 H), 3.8 (singlet, 3 H), 6.9 (doublet, 2 H), and 7.9 (doublet, 2 H) ppm 
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17.57 Thymol (molecular formula C4gH;40) is the major component of the oil of thyme. Thymol shows IR absorptions at 3500-3200, 
3150-2850, 1621, and 1585 cm”. The 'H NMR spectrum of thymol is given below. Propose a possible structure for thymol. 


1H NMR spectrum 


ppm 


17.58 You have a sample of a compound of molecular formula C11H15NO32, which has a benzene ring substituted by two groups, 
(CHg)2N— and - CO2CH;CH;, and exhibits the given °C NMR. What disubstituted benzene isomer corresponds to these 
13 
C data? 


200 180 160 140 120 100 80 60 40 20 © 
ppm 


General Problems 


17.59 Explain why tetrahydrofuran has a higher boiling point and is much more water soluble than furan, even though both 
compounds are cyclic ethers containing four carbons. 


O 0 


O ie) 


tetrahydrofuran furan 


17.60 Zolpidem (trade name Ambien) promotes the rapid onset of sleep, making it a widely prescribed drug for treating insomnia. 


FANAN 
~ J CH3 
CH3 
(0; 
N(CH3)z 
zolpidem 


a. In what type of orbital does the lone pair on each N atom in the heterocycle reside? 
b. Explain why the bicyclic ring system that contains both N atoms is aromatic. 
c. Draw all reasonable resonance structures for the bicyclic ring system. 
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17.61 Answer the following questions about curcumin, a yellow pigment isolated from turmeric, a tropical perennial in the ginger 
family and a principal ingredient in curry powder. 


b. 
Cc. 
d. 


curcumin 
OCH, OCH, 


In Chapter 11 we learned that most enols, compounds that contain a hydroxy group bonded to a C=C, are unstable and 
tautomerize to carbonyl groups. Draw the keto form of the enol of curcumin, and explain why the enol is more stable than 


many other enols. 


Explain why the enol O-H proton is more acidic than an alcohol O-H proton. 


Why is curcumin colored? 


Explain why curcumin is an antioxidant. 


17.62 Stanozolol is an anabolic steroid that promotes muscle growth. Although stanozolol has been used by athletes and body 
builders, many physical and psychological problems result from prolonged use and it is banned in competitive sports. 


stanozolol 


Challenge Problems 
17.63 Explain why A is aromatic but B is not aromatic. 


/ 


"ans => O 
NH / n 
OCH;CH, 
\ FA w 
B 


a. 


2900 


Explain why the nitrogen heterocycle—a pyrazole ring—is aromatic. 

In what type of orbital is the lone pair on each N atom contained? 

Draw all reasonable resonance structures for stanozolol. 

Explain why the pK, of the N- H bond in the pyrazole ring is comparable to the pK, of the 
O-H bond, making it considerably more acidic than amines such as CH3NHp (pK, = 40). 


A 


17.64 Use the observed 'H NMR data to decide whether C and its dianion are aromatic, antiaromatic, or not aromatic. C shows NMR 
signals at -4.25 (6 H) and 8.14-8.67 (10 H) ppm. The dianion of C shows NMR signals at -3 (10 H) and 21 (6 H) ppm. Why are 
the signals shifted upfield (or downfield) to such a large extent? 


17.65 Explain why compound A is much more stable than compound B. 


(9) 


Q 
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17.66 (R)-Carvone, the major component of the oil of spearmint, undergoes acid-catalyzed isomerization to carvacrol, a major 
component of the oil of thyme. Draw a stepwise mechanism and explain why this isomerization occurs. 


oO OH 


> 
HS0, Z 


prs 
(R)-carvone carvacrol 
17.67 Explain why triphenylene resembles benzene in that it does not undergo addition reactions with Bro, but phenanthrene reacts 


with Br» to yield the addition product drawn. (Hint: Draw resonance structures for both triphenylene and phenanthrene, and use 
them to determine how delocalized each r bond is.) 


SP | of = of 


triphenylene phenanthrene 


17.68 Although benzene itself absorbs at 128 ppm in its °C NMR spectrum, the carbons of substituted benzenes absorb either 
upfield or downfield from this value depending on the substituent. Explain the observed values for the carbon ortho to the given 
substituent in the monosubstituted benzene derivatives X and Y. 
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18.11 Disubstituted benzenes 

18.12 Synthesis of benzene 
derivatives 
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of substituted benzenes 
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Sertraline (trade name Zoloft) belongs to the class of antidepressants called SSRis—selective 
serotonin reuptake inhibitors. Sertraline is effective because it increases the concentration 
of the neurotransmitter serotonin in the brain. Serotonin plays a key role in mood, sleep, and 
temperature regulation, and a deficiency of serotonin causes depression. A key step in the 
synthesis of sertraline involves carbon-carbon bond formation using electrophilic aromatic 
substitution, the most common reaction of aromatic compounds discussed in Chapter 18. 
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Chapter 18 Reactions of Aromatic Compounds 


18.1 


Problem 18.1 


Chapter 18 discusses the chemical reactions of benzene and other aromatic com- 
pounds. Although aromatic rings are unusually stable, making benzene unreactive in most of 
the reactions discussed so far, benzene acts as a nucleophile with certain electrophiles, yielding 
substitution products with an intact aromatic ring. 


We begin with the basic features and mechanism of electrophilic aromatic substitution (Sections 
18.1-18.5), the most prevalent reaction of benzene. Next, we discuss the electrophilic aromatic 
substitution of substituted benzenes (Sections 18.6-18.12), and conclude with nucleophilic 
aromatic substitution and other useful reactions of benzene derivatives (Sections 18.13-18.15). 
The ability to interconvert resonance structures and evaluate their relative stabilities is crucial to 
understanding this material. 


Electrophilic Aromatic Substitution 


Based on its structure and properties, what kinds of reactions should benzene undergo? Are any 
of its bonds particularly weak? Does it have electron-rich or electron-deficient atoms? 


e Benzene has six ņ electrons delocalized in six p orbitals that overlap above and below 
the plane of the ring. These loosely held x electrons make the benzene ring electron 
rich, and so it reacts with electrophiles. 

e Because benzene’s six 1 electrons satisfy Hückel’s rule, benzene is especially stable. 
Reactions that keep the aromatic ring intact are therefore favored. 


As a result, the characteristic reaction of benzene is electrophilic aromatic substitution—a 
hydrogen atom is replaced by an electrophile. 


E 
Electrophilic aromatic El a + 
substitution s E TOH 


electrophile 


substitution of H by E 


Benzene does not undergo addition reactions like other unsaturated hydrocarbons, because addi- 
tion would yield a product that is not aromatic. Substitution of a hydrogen, on the other hand, 
keeps the aromatic ring intact. 


2 —— ccc cy 
| Addition | X >e Q — The product is not aromatic. 
H 4X 


H E 
E+ 
Substitution | Cy E CY = The product is aromatic. | 


Five specific examples of electrophilic aromatic substitution are shown in Figure 18.1. The basic 
mechanism, discussed in Section 18.2, is the same in all five cases. The reactions differ only in 
the identity of the electrophile, E*. 

Why is benzene less reactive toward electrophiles than an alkene, even though it has more n 
electrons than an alkene (six versus two)? 


Figure 18.1 


Five examples of electrophilic 
aromatic substitution 


Friedel-Crafts alkylation and 
acylation, named for Charles 
Friedel and James Crafts who 
discovered the reactions in the 
nineteenth century, form new 
carbon-carbon bonds. 
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Reaction Electrophile 


[1] Halogenation— Replacement of H by X (CI or Br} 


H X 
CY X2 CY E+ = Clt or Br 
FexX3 


X=Cl aryl halide 
X= Br 


[2] Nitration— Replacement of H by NO, 


H NO, 
O m O 


HS0, 


nitrobenzene 


[3] Sulfonation— Replacement of H by SO3H 


H SOH - 
Cs OM = 
H50, 


benzenesulfonic acid 


[4] Friedel-Crafts alkylation— Replacement of H by R 


H R 
rs y m 
AICl, 
alkyl benzene 
(arene) 
[5] Friedel-Crafts acylation— Replacement of H by RCO 
0 
il 
H CL + 
CY RCOCI Cr R E+ = RĈO 
— 
AICl3 


The General Mechanism 


No matter what electrophile is used, all electrophilic aromatic substitution reactions occur via a 
two-step mechanism: addition of the electrophile E* to form a resonance-stabilized carbocation, 
followed by deprotonation with base, as shown in Mechanism 18.1. 


The first step in electrophilic aromatic substitution forms a carbocation, for which three reso- 
nance structures can be drawn. To help keep track of the location of the positive charge: 


e Always draw in the H atom on the carbon bonded to E. This serves as a reminder that 
it is the only sp? hybridized carbon in the carbocation intermediate. 


e Notice that the positive charge in a given resonance structure is always located ortho 
or para to the new C-E bond. In the hybrid, therefore, the charge is delocalized over 
three atoms of the ring. 


| Always draw in the H atom at the site of electrophilic attack. 
H H H è H 
E E E E 
ô* öt 


(+) ortho to E (+) para to E (+) ortho to E hybrid 
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Cs Mechanism 18.1 General Mechanism—Electrophilic Aromatic Substitution 


Step [1] Addition of the electrophile (E*) to form a carbocation 


-g-o -O 


resonance-stabilized carbocation 


Step [2] Loss of a proton to re-form the aromatic ring 


= H* B 
+ i 
Problem 18.2 
Figure 18.2 


Energy diagram for electrophilic 
aromatic substitution: 
PhH + E* => PhE + H* 


Addition of the electrophile (E*) forms a new C-E bond 
using two x electrons from the benzene ring, and 
generating a carbocation. This carbocation intermediate 
is not aromatic, but it is resonance stabilized — three 
resonance structures can be drawn. 


Step [1] is rate-determining because the aromaticity 
of the benzene ring is lost. 


In Step [2], a base (B:) removes the proton from the 
carbon bearing the electrophile, thus re-forming the 
aromatic ring. This step is fast because the 
aromaticity of the benzene ring is restored. 


Any of the three resonance structures of the carbocation 
intermediate can be used to draw the product. The 
choice of resonance structure affects how curved 
arrows are drawn, but not the identity of the product. 


This two-step mechanism for electrophilic aromatic substitution applies to all of the electrophiles 
in Figure 18.1. The net result of addition of an electrophile (E*) followed by elimination of 
a proton (H*) is substitution of E for H. 


The energy changes in electrophilic aromatic substitution are shown in Figure 18.2. The mecha- 
nism consists of two steps, so the energy diagram has two energy barriers. Because the transition 
state of the first step is higher in energy, it is rate-determining. 


In Step [2] of Mechanism 18.1, loss of a proton to form the substitution product was drawn using 
one resonance structure only. Use curved arrows to show how the other two resonance structures 
can be converted to the substitution product (PhE) by removal of a proton with :B. 


| 
transition state 
Step [1] 


transition state 
Step [2] 


Reaction coordinate 


The mechanism has two steps, so there are two energy barriers. 


e Step [1] is rate-determining; its transition state is at higher energy. 


18.3 Halogenation 
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The general mechanism outlined in Mechanism 18.1 can now be applied to each of the five spe- 
cific examples of electrophilic aromatic substitution shown in Figure 18.1. For each mechanism 
we must learn how to generate a specific electrophile. This step is different with each electrophile. 
Then, the electrophile reacts with benzene by the two-step process of Mechanism 18.1. These two 


steps are the same for all five reactions. 


In halogenation, benzene reacts with Cl, or Br in the presence of a Lewis acid catalyst, such as 
FeCl; or FeBr3, to give the aryl halides chlorobenzene or bromobenzene, respectively. Analo- 
gous reactions with I, and F, are not synthetically useful because I, is too unreactive and F, reacts 


too violently. 


Cl 
cE 
FeCl, 


chlorobenzene 


Br 
Bro 
oor 
FeBr3 


bromobenzene 


In bromination (Mechanism 18.2), the Lewis acid FeBr3 reacts with Br, to form a Lewis acid- 
base complex that weakens and polarizes the Br—Br bond, making it more electrophilic. This 
reaction is Step [1] of the mechanism for the bromination of benzene. The remaining two steps 
follow directly from the general mechanism for electrophilic aromatic substitution: addition of 
the electrophile (Br* in this case) forms a resonance-stabilized carbocation, and loss of a proton 


regenerates the aromatic ring. 


{> Mechanism 18.2 Bromination of Benzene 


Step [1] Generation of the electrophile 
+ 


‘Br—Br: + FeBrg =z :Br—Br—FeBrg 
Lewis base Lewis acid electrophile 
(serves as a source of Br*) 
Step [2] Addition of the electrophile to form a carbocation 


H H H H 
ii (3 = Br Br Br 
—\_JBr--Br-—FeBrg — — — 


resonance-stabilized carbocation 


Step [3] Loss of a proton to re-form the aromatic ring 


CH B FeBr Br 


Lewis acid-base reaction of Br. with FeBra 
forms a species with a weakened and 
polarized Br- Br bond. This adduct serves 
as a source of Br* in the next step. 


Addition of the electrophile forms a new 
C-Br bond and generates a carbocation. 
This carbocation intermediate is resonance 
stabilized—three resonance structures 
can be drawn. 


The FeBr, also formed in this reaction is 
the base used in Step [3]. 


FeBr, removes the proton from the carbon 
bearing the Br, thus re-forming the aromatic 
ring. 

FeBrs, a catalyst, is also regenerated for 
another reaction cycle. 
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Figure 18.3 O H CH2CHN(CH3)2 
‘ ; ; | 
Examples of biologically active cl N UN ft 
> N 
aryl chlorides “C(CHa)s | | 
CH3 A Ea cl 
Generic name: bupropion chlorpheniramine 
Trade names: Wellbutrin, Zyban antihistamine 
antidepressant, 
also used to reduce nicotine cravings 
joa soa 
Cl CI cI cl 
Herbicides were used 
extensively during the Vietnam 2,4-D 2,4,5-T 
War to defoliate dense jungle 2,4-dichlorophenoxy- 2,4,5-trichlorophenoxy- 
areas. The concentration of acetic acid acsticacid 
herbicide herbicide 


eaen A 


the active components in Agent Orange, 
a defoliant used in the Vietnam War 


certain herbicide by-products 
in the soil remains high today. 


Chlorination proceeds by a similar mechanism. Reactions that introduce a halogen substituent 
on a benzene ring are widely used, and many halogenated aromatic compounds with a range of 
biological activity have been synthesized, as shown in Figure 18.3. 


Problem 18.3 Draw a detailed mechanism for the chlorination of benzene using Cl, and FeCl. 


18.4 Nitration and Sulfonation 


Nitration and sulfonation of benzene introduce two different functional groups on an aromatic 
ring. Nitration is an especially useful reaction because a nitro group can then be reduced to an 
NH), group, a common benzene substituent, in a reaction discussed in Section 18.15. 


H HNG NH, 
| Nitration | CY meas Cr 
~ Hp80, Section | Seeon | 


18.15 ; 
nitrobenzene aniline 


eE H SOH 
| Sulfonation SO; 
H2504 


benzenesulfonic acid 


Generation of the electrophile in both nitration and sulfonation requires strong acid. In nitration, 
the electrophile is “NO, (the nitronium ion), formed by protonation of HNO; followed by loss 
of water (Mechanism 18.3). 


ts Mechanism 18.3 Formation of the Nitronium lon NO») for Nitration 


H-G-NO, + H7OSO;H —> H- ONO: =— HOF + Ño, | = G=N=6 


+ HSO,- electrophile Lewis structure 
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In sulfonation, protonation of sulfur trioxide, SO3, forms a positively charged sulfur species 
(*SO3H) that acts as an electrophile (Mechanism 18.4). 


{ò Mechanism 18.4 Formation of the Electrophile *SO3H for Sulfonation 


:0: :0: 

ll II = 
84 F HOSO, —— > . 6. = | +80.H | + HSO 
67°36: itil oy.” Te 3 


Sample Problem 18.1 


electrophile 


These steps illustrate how to generate the electrophile E* for nitration and sulfonation, the process 
that begins any mechanism for electrophilic aromatic substitution. To complete either of these 
mechanisms, you must replace the electrophile E* by either ‘NO, or *SO3H in the general mechanism 
(Mechanism 18.1). Thus, the two-step sequence that replaces H by E is the same regardless of 
E*. This is shown in Sample Problem 18.1 using the reaction of benzene with the nitronium ion. 


Draw a stepwise mechanism for the nitration of a benzene ring. 


H NO, 
HNO; 
H2SO, 
nitrobenzene 


Solution 


We must first generate the electrophile and then write the two-step mechanism for electrophilic 
aromatic substitution using it. 


H 


J | a 
Generation of the Hua N H7OSO;,H —> H-Q=NO, ——* HÖ: + NO, 
electrophile *NO, i 9) 


electrophile 
+ HSO,- 


a N 
H io HSO,” NO, 
Two-step mechanism NI ; 2 š +H 
eee ol for substitution NO2 CY 2504 


Problem 18.4 


“O 


+ two more resonance 
structures 


Any species with a lone pair of electrons can be used to remove the proton in the last step. In this 
case, the mechanism is drawn with HSO7, formed when *NO; is generated as the electrophile. 


Draw a stepwise mechanism for the sulfonation of an alkyl benzene such as A to form a substituted 
benzenesulfonic acid B. Treatment of B with base forms a sodium salt C that can be used as a 
synthetic detergent to clean away dirt (see Problem 3.15). 


SO; NaOH 
HS0, 
SO3H soz Nat 
B synthetic detergent 
Cc 
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18.5 Friedel-Crafts Alkylation and Friedel-Crafts Acylation 


Friedel-Crafts alkylation and Friedel-Crafts acylation form new carbon-carbon bonds. 


18.5A General Features 


In Friedel-Crafts alkylation, treatment of benzene with an alkyl halide and a Lewis acid (AICI3) 
forms an alkyl benzene. This reaction is an alkylation because it results in transfer of an alkyl 
group from one atom to another (from Cl to benzene). 


—E H R 
| Friedel-Crafts RCI — a 
alkylation ET ` newC-Cbond + HCI 
3 m 


alkyl benzene 


re H CHCH; 
Examples | i Y CH,CH,Cl CY 2 
AICls 
H C(CHs)a 
a LY ee KY F a 
AlCl 


In Friedel-Crafts acylation, a benzene ring is treated with an acid chloride (RCOC!) and AICI, 


to form a ketone. Because the new group bonded to the benzene ring is called an acyl group, the 
transfer of an acyl group from one atom to another is an acylation. 


= 1 


——— H <— acyl grou 
_ Friedel-Crafts Š i ee 
acylation | Rc} ACh + HCl 
acid chloride ketone 
m (6) 
| Example | H (0) L 
j Cx 
+ JC CH, + HCI 
, , CH3 Cl AICI 
Acid chlorides are also called 3 _—— 
acyl chlorides. | new C—C bond 


Problem 18.5 What product is formed when benzene is treated with each organic halide in the presence of AlCla? 


Cl fe) 
ll 
. (CHz)sCHCI ; À oom 
a tenga B Cy C CHacH ci 


Problem 18.6 What acid chloride would be needed to prepare each of the following ketones from benzene using 
a Friedel-Crafts acylation? 


(6) (0) e) 
ii tl | 


C C Ç 
SCH2CH2CH(CHa)2 
a. b. G: 
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18.5B Mechanism 


The mechanisms of alkylation and acylation proceed in a manner analogous to those for halo- 
genation, nitration, and sulfonation. The unique feature in each reaction is how the electrophile 
is generated. 


In Friedel-Crafts alkylation, the Lewis acid AICI, reacts with the alkyl chloride to form a Lewis 
acid-base complex, illustrated with CH3;CH,Cl and (CH3)3CCI as alkyl chlorides. The identity 
of the alkyl chloride determines the exact course of the reaction as shown in Mechanism 18.5. 


E Mechanism 18.5 Formation of the Electrophile in Friedel-Crafts Alkylation—Two Possibilities 


TE ] 
CH3CH,—CI—AICI, 
electrophile 


Lewis acid-base complex 


| For CH,Cl and 1° RCI: CH3CH,—Ck + AIClg ———> 


Lewis base Lewis acid 


| o EE) N i E - mi i -y 
| For2° and 3° RCI} (cH,),c—Cif + “AlCl, ——> (CHg)sCGCI-AICl, —— (CHg)gC* 


_ 3° carbocation 
_ electrophile 


Lewis base Lewis acid 


+ AIC 


e For CH,Cl and 1° RCI, the Lewis acid-base complex itself serves as the electrophile for 
electrophilic aromatic substitution. 

e With 2° and 3° RCI, the Lewis acid-base complex reacts further to give a 2° or 3° 
carbocation, which serves as the electrophile. Carbocation formation occurs only with 
2° and 3° alkyl chlorides, because they afford more stable carbocations. 


In either case, the electrophile goes on to react with benzene in the two-step mechanism charac- 
teristic of electrophilic aromatic substitution, illustrated in Mechanism 18.6 using the 3° carboca- 
tion, (CH3)3C". 


{A Mechanism 18.6 Friedel-Crafts Alkylation Using a 3° Carbocation 


HN W i C(CHa)a 
C(CHa)s -m Cy a =a Cy + HCl + AICI, 


7 n 
3° carbocation | + two more resonance 
structures 


e Addition of the electrophile (a 3° carbocation) forms a new carbon-carbon bond in Step [1]. 
e AlCl, removes a proton on the carbon bearing the new substituent, thus re-forming the aromatic ring in Step [2]. 
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In Friedel-Crafts acylation, the Lewis acid AlCl, ionizes the carbon—halogen bond of the acid 
chloride, thus forming a positively charged carbon electrophile called an acylium ion, which is 
resonance stabilized (Mechanism 18.7). The positively charged carbon atom of the acylium ion 
then goes on to react with benzene in the two-step mechanism of electrophilic aromatic substitution. 


{Š Mechanism 18.7 Formation of the Electrophile in Friedel-Crafts Acylation 


This C serves as the electrophilic site. 


:0: :0: 

é F AIC, —> œ — n-i; 
on 
R” “Ck nÈ CI-AICly 


Lewis acid a resonance-stabilized 
acylium ion 


| electrophile | 


R-C=0: + AICI 


To complete the mechanism for acylation, insert the electrophile into the general mechanism and 
draw the last two steps, as illustrated in Sample Problem 18.2. 


Sample Problem 18.2 Draw a stepwise mechanism for the following Friedel-Crafts acylation. 


g 
H Cc 
i AICI, “CH, 
+ Cx oo + HCI 
CH3 Cl 
Solution 


First generate the acylium ion, and then write the two-step mechanism for electrophilic aromatic 
substitution using it for the electrophile. 


————— :0: ‘0: sAN 
Generation of the C. J ACh —> O ——> cH,-¢=6: «—— cH,—c=é: 
electrophile (CH,CO)* | CH3 Ch CH /CI-AICI, two resonance structures for the 
acylium ion 
+ AICI 


——————EE (0) 
| Two-step mechanism H p Dio. g 
for substitution `Ch 
CH3— —6=6: Tt H 


jrn more resonance + HCI + AICI; 


structures 


18.5C Other Facts About Friedel-Crafts Alkylation 
Three additional facts about Friedel-Crafts alkylations must be kept in mind. 


[1] Vinyl halides and aryl halides do not react in Friedel-Crafts alkylation. 


Most Friedel-Crafts reactions involve carbocation electrophiles. Because the carbocations 
derived from vinyl halides and aryl halides are highly unstable and do not readily form, these 
organic halides do not undergo Friedel-Crafts alkylation. 


Cl 
à 
Unreactive halides in the 
| Friedel-Crafts alkylation | CH=CHCI Cy 


vinyl halide aryl halide 
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Problem 18.7 Which halides are unreactive in a Friedel-Crafts alkylation reaction? 
B B 
: Br 7 Br 
a. b. G; d; 


[2] Rearrangements can occur. 


The Friedel-Crafts reaction can yield products having rearranged carbon skeletons when 1° and 
2° alkyl halides are used as starting materials, as shown in Equations [1] and [2]. In both reac- 
tions, the carbon atom bonded to the halogen in the starting material (labeled in red) is not bonded 
to the benzene ring in the product, thus indicating that a rearrangement has occurred. 


CH; CH; 

Recall from Section 9.9 that CH 4 
a 1,2-shift converts a less ide AICI, “CHCH; 
stable carbocation to a more [1} T ol i lace 
stable carbocation by shift of H Cl 
a hydrogen atom or an alky! 2° halide 
group. CHa H 

TA 

C 

AlCl CH3 
1° halide 


The result in Equation [1] is explained by a carbocation rearrangement involving a 1,2-hydride 
shift: the less stable 2° carbocation (formed from the 2° halide) rearranges to a more stable 
3° carbocation, as illustrated in Mechanism 18.8. 


{o Mechanism 18.8 Friedel-Crafts Alkylation Involving Carbocation Rearrangement 


Steps [1] and [2] Formation of a 2° carbocation 


ÇHa i GH 2] GHs e Reaction of the alkyl chloride with AICI, 
CHg—C—CHCH; ——* CHy-C—CHCH, ——* CH3—C—CHCH, forms a complex that decomposes in 
My , e ae V . a a ts Step [2] to form a 2° carbocation. 
‘r 3 BA 3 
= 2° carbocation 
+ AICI 
Step [3] Carbocation rearrangement 
CH3 , CH3 e 1,2-Hydride shift converts the less 
CH,—C—CHCH, get shiit CHy—C—CHCH stable 2° carbocation to a more stable 
p [3] i H s 3° carbocation. 
3° carbocation 
Steps [4] and [5] Addition of the carbocation and loss of a proton 
CH, CH; e Friedel-Crafts alkylation occurs by the 


MO g- en usual two-step process: addition of the 


“tre a A- ‘ 
< H CF AICl, CCH, carbocation followed by loss of a 
a proton to form the alkylated product. 
CH,CH, [5] 


+ HCI + AICl, 


+ two more resonance 
structures 
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Rearrangements can occur even when no free carbocation is formed initially. For example, the 
1° alkyl chloride in Equation [2] forms a complex with AlCl}, which does not decompose to an 
unstable 1° carbocation, as shown in Mechanism 18.9. Instead, a 1,2-hydride shift forms a 2° 
carbocation, which then serves as the electrophile in the two-step mechanism for electrophilic 
aromatic substitution. 


{a Mechanism 18.9 A Rearrangement Reaction Beginning with a 1° Alkyl Chloride 


O one P 
— H : H \ 
“AICI, | [$ 1,2-H shift C 


A E a | 
CH,CH,CH,—Ck ——*> CH,—C—CH,-GKAIC, ———> CHs—C—CH; ——— “CH; 
Jw $ two steps 
2° carbocation 


1 
rearrangement | electrophile 


no carbocation 
at this stage 
+ AICI 


Problem 12.5 Draw a stepwise mechanism for the following reaction. 
AlCh C(CHa)3 
+  (CH3CHCH,C) ————> + HCI 


[3] Other functional groups that form carbocations can also be used as starting materials. 
Although Friedel-Crafts alkylation works well with alkyl halides, any compound that readily 
forms a carbocation can be used instead. The two most common alternatives are alkenes and 


alcohols, both of which afford carbocations in the presence of strong acid. 


e Protonation of an alkene forms a carbocation, which can then serve as an electrophile in 
a Friedel-Crafts alkylation. 


e Protonation of an alcohol, followed by loss of water, likewise forms a carbocation. 


H 


EN H 

———— A H 

An alkene | + H+OSO,;H —> + HSO,- 
H 


2° carbocation 


CH3 CH; CH, 
my Le A i Sa I a 
“An alcohol | CHy~C—GH + H-OSOH ~ CHs—C7OHe ae 
CH; CHa 3 i 
+ HSO,- 3° carbocation 


Each carbocation can then go on to react with benzene to form a product of electrophilic aromatic 
substitution. For example: 


(CHg)sC—OH + HSO, 
ee e 


H | C(CHs), 
C+ oe — OF 


new C—C bond © 
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Problem 18.9 Draw the product of each reaction. 


a © t © — TOE 
H,SO, 
Di + (CH3)2C=CH2 —— d 


18.5D Intramolecular Friedel-Crafts Reactions 


All of the Friedel-Crafts reactions discussed thus far have resulted from intermolecular reaction 
of a benzene ring with an electrophile. Starting materials that contain both units are capable of 
intramolecular reaction, and this forms a new ring. For example, treatment of compound A, 
which contains both a benzene ring and an acid chloride, with AICl,, forms o-tetralone by an 
intramolecular Friedel-Crafts acylation reaction. 


H2504 


an 


o i new C- emg 
A 
An intramolecular =o ACh | 
| Friedel-Crafts acylation + HCl 
a-tetralone 


Such an intramolecular Friedel-Crafts acylation was a key step in the synthesis of the hallucino- 
gen LSD, as shown in Figure 18.4. 


Figure 18.4 (o) 
Intramolecular Friedel-Crafts — —— les pehs 
acylation in the synthesis  _ | new c-c bond 
of LSD | Reaction oc 2ce. Q. A Ss 
at these 2 C’s. 
NA ACh \ 
WAS j several N 
WY = steps ù 
LSD 
intramolecular -lysergic acid diethyl amide 


_ Friedel-Crafts acylation 


e Intramolecular Friedel-Crafts acylation formed a product containing a new six-membered ring (in 
red), which was converted to LSD in several steps. 

e LSD was first prepared by Swiss chemist Albert Hoffman in 1938 from a related organic compound 
isolated from the ergot fungus that attacks rye and other grains. Ergot has a long history as a 
dreaded poison, affecting individuals who become ill from eating ergot-contaminated bread. The 
hallucinogenic effects of LSD were first discovered when Hoffman accidentally absorbed a small 
amount of the drug through his fingertips. 


Ergot-infected grain, the source 
of lysergic acid 
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Problem 18.10 Draw a stepwise mechanism for the intramolecular Friedel-Crafts acylation of compound A to form B. 
B can be converted in one step to the antidepressant sertraline, the chapter-opening molecule. 


— — H 
HOO we OO ae OS 
Cl O Cl Cl 
Cl 
A 


B sertraline 
(Zoloft) 


Problem 18.11 Intramolecular reactions are also observed in Friedel-Crafts alkylation. Draw the intramolecular 
alkylation product formed from each of the following reactants. (Watch out for rearrangements!) 


18.6 Substituted Benzenes 


Many substituted benzene rings undergo electrophilic aromatic substitution. Common substitu- 
ents include halogens, OH, NH, alkyl, and many functional groups that contain a carbonyl. Each 
substituent either increases or decreases the electron density in the benzene ring, and this affects 
the course of electrophilic aromatic substitution, as we will learn in Section 18.7. 


What makes a substituent on a benzene ring electron donating or electron withdrawing? The answer 
is inductive effects and resonance effects, both of which can add or remove electron density. 


Inductive Effects 


Inductive effects stem from the electronegativity of the atoms in the substituent and the polariz- 
ability of the substituent group. 


Inductive and resonance e Atoms more electronegative than carbon—including N, O, and X—pull electron density 
effects were first discussed away from carbon and thus exhibit an electron-withdrawing inductive effect. 

in Sections 2.5B and 2.5C, e Polarizable alkyl groups donate electron density, and thus exhibit an electron-donating 
respectively. inductive effect. 


Considering inductive effects only, an NH, group withdraws electron density and CH; donates 
electron density. 


| Electron-withdrawing inductive effect | Electron-donating inductive effect | 
> <—+ 
NH3 CH; 


* N is more electronegative than C. * Alkyl groups are polarizable, making 
* N inductively withdraws electron density. them electron-donating groups. 
Problem 18,12 Which substituents have an electron-withdrawing and which have an electron-donating inductive 


effect: (a) CH3CH2CH2CH2 — ; (b) Br- ; (c) CHz;CH20 - ? 
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Resonance Effects 


Resonance effects can either donate or withdraw electron density, depending on whether they 
place a positive or negative charge on the benzene ring. 


e A resonance effect is electron donating when resonance structures place a negative 
charge on carbons of the benzene ring. 

e Aresonance effect is electron withdrawing when resonance structures place a positive 
charge on carbons of the benzene ring. 


An electron-donating resonance effect is observed whenever an atom Z having a lone pair of 
electrons is directly bonded to a benzene ring (general structure—C,H;-— Z:). Common exam- 
ples of Z include N, O, and halogen. For example, five resonance structures can be drawn for 
aniline (C6H5NH3). Because three of them place a negative charge on a carbon atom of the benzene 
ring, an NH, group donates electron density to a benzene ring by a resonance effect. 


CNH. on NH, 
Or Ee =L 


aniline 
In contrast, an electron-withdrawing resonance effect is observed in substituted benzenes 
having the general structure CH; -Y =Z, where Z is more electronegative than Y. For exam- 
ple, seven resonance structures can be drawn for benzaldehyde (CsH;CHO). Because three of 
them place a positive charge on a carbon atom of the benzene ring, a CHO group withdraws 
electron density from a benzene ring by a resonance effect. 


Three resonance structures place a (—) charge 
on atoms in the ring. 


a av to B Í 
`H 4 +H Zen Ye W Sy oN, 
<« > cc 
benzaldehyde 


Three resonance structures place a (+) charge 
on atoms in the ring. 


Problem 18.13 Draw all resonance structures for each compound and use the resonance structures to determine if 
the substituent has an electron-donating or electron-withdrawing resonance effect. 


rf 
OCH C 
CHa “CH 
a. b. 


Considering Both Inductive and Resonance Effects 


To predict whether a substituted benzene is more or less electron rich than benzene itself, we 
must consider the net balance of both the inductive and the resonance effects. Alkyl groups, 
for instance, donate electrons by an inductive effect, but they have no resonance effect because 
they lack nonbonded electron pairs or n bonds. As a result, 


e An alkyl group is an electron-donating group and an alkyl benzene is more electron rich 
than benzene. 
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Figure 18.5 

The effect of substituents 
on the electron density in 
substituted benzenes 


Chapter 18 Reactions of Aromatic Compounds 


When electronegative atoms, such as N, O, or halogen, are bonded to the benzene ring, they 
inductively withdraw electron density from the ring. All of these groups also have a nonbonded 
pair of electrons, so they donate electron density to the ring by resonance. The identity of the 
element determines the net balance of these opposing effects. 


a=. / yG ž=NŅ, 6X 


These elements are electronegative, so they These elements have a lone pair, so they can 
inductively withdraw electron density. donate electron density by resonance. 


e When a neutral O or N atom is bonded directly to a benzene ring, the resonance effect 
dominates and the net effect is electron donation. 

e When a halogen X is bonded to a benzene ring, the inductive effect dominates and the net 
effect is electron withdrawal. 


Thus, NH, and OH are electron-donating groups because the resonance effect predominates, 
whereas Cl and Br are electron-withdrawing groups because the inductive effect predominates. 


Finally, the inductive and resonance effects in compounds having the general structure 
CsH;-Y=Z (with Z more electronegative than Y) are both electron withdrawing; in other 
words, the two effects reinforce each other. This is true for benzaldehyde (CsH;CHO) and all 
other compounds that contain a carbonyl group bonded directly to the benzene ring. 


Thus, on balance, an NH, group is electron donating, so the benzene ring of aniline (CsHsNH)) 
has more electron density than benzene. An aldehyde group (CHO), on the other hand, is 
electron withdrawing, so the benzene ring of benzaldehyde (CsH;CHO) has less electron den- 
sity than benzene. These effects are illustrated in the electrostatic potential maps in Figure 18.5. 
These compounds represent examples of the general structural features in electron-donating and 
electron-withdrawing substituents: 


; à 
| Electron-donating groups | Electron-withdrawing groups | 


on on on on (6 or +) 


R = alkyl Z=NorO X = halogen 


aniline benzene benzaldehyde 
(CseHsNH3) (CsH5CHO) 


e The NH, group donates electron density, making the benzene ring more electron rich (redder), whereas 
the CHO group withdraws electron density, making the benzene ring less electron rich (greener). 


Sample Problem 18.3 


Problem 18.14 


18.7 
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e Common electron-donating groups are alkyl groups or groups with an N or O atom 
(with a lone pair) bonded to the benzene ring. 


e Common electron-withdrawing groups are halogens or groups with an atom Y bearing 
a full or partial positive charge (+ or 5*) bonded to the benzene ring. 


The net effect of electron donation and withdrawal on the reactions of substituted aromatics is 
discussed in Sections 18.7-18.9. 


Classify each substituent as electron donating or electron withdrawing, 


a. € \ocoon, b. € \-on 


Solution 
Draw out the atoms and bonds of the substituent to clearly see lone pairs and multiple bonds. 
Always look at the atom bonded directly to the benzene ring to determine electron-donating or 
electron-withdrawing effects. An O or N atom with a lone pair of electrons makes a substituent 
electron donating. A halogen or an atom with a partial positive charge makes a substituent electron 
withdrawing. 

a. D: 


Ö___CH st 8 
+ oO 3 ( \ bat 
0: | 


¢ An O atom with a lone pair bonded e An atom with a partial (+) charge bonded 
directly to the benzene ring directly to the benzene ring 
an electron-donating group an electron-withdrawing group 


Classify each substituent as electron donating or electron withdrawing. 


OCH, I C(CH3)3 
Oo” O O 


Electrophilic Aromatic Substitution 
of Substituted Benzenes 


Electrophilic aromatic substitution is a general reaction of all aromatic compounds, including 
polycyclic aromatic hydrocarbons, heterocycles, and substituted benzene derivatives. A substitu- 
ent affects two aspects of electrophilic aromatic substitution: 


e The rate of reaction: A substituted benzene reacts faster or slower than benzene itself. 


¢ The orientation: The new group is located either ortho, meta, or para to the existing substitu- 
ent. The identity of the first substituent determines the position of the second substituent. 


Toluene (CgH;CH3) and nitrobenzene (CsH;NO,) illustrate two possible outcomes. 
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[1] Toluene 


Toluene reacts faster than benzene in all substitution reactions. Thus, its electron-donating CH; 
group activates the benzene ring to electrophilic attack. Although three products are possible, 
compounds with the new group ortho or para to the CH; group predominate. The CH; group is 
therefore called an ortho, para director. 


CH3 CHa CHa CHa 
Oe OL Or 
FeBrg Br Br 
Br 
ortho” meta para 


40% | trace | 60% | 


[2] Nitrobenzene 


Nitrobenzene reacts more slowly than benzene in all substitution reactions. Thus, its electron- 
withdrawing NO, group deactivates the benzene ring to electrophilic attack. Although three 
products are possible, the compound with the new group meta to the NO, group predominates. 
The NO, group is called a meta director. 


NO NO N 
a" ae ae g e" 
+ + 
HS0, NO, ON 
NO, 


ortho meta para 
7% | 93% trace 


Substituents either activate or deactivate a benzene ring towards electrophiles, and direct selec- 
tive substitution at specific sites on the ring. All substituents can be divided into three general 


types. 
[1] Ortho, para directors and activators 
e Substituents that activate a benzene ring and direct substitution ortho and para. 


-NH,, -NHR, -NR, 


-ÖH —— 
3 General structure 
QR =A) jor SZ 
è -NHCOR 
o 
= 
=a -R 


[2] Ortho, para deactivators 


¢ Substituents that deactivate a benzene ring and direct substitution ortho and para. 


“Fe Ge Br = 
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[3] Meta directors 


e Substituents that direct substitution meta. 
e All meta directors deactivate the ring. 


-CHO 
-COR 
-COOR 


-COOH 


deactivation 


General structure | 
pe) + 
-CN Y (5* or +) 
-SO,H 
-NO, 
a 
-NR3 
To learn these lists: Keep in mind that the halogens are in a class by themselves. Then learn 
the general structures for each type of substituent. 


e All ortho, para directors are R groups or have a nonbonded electron pair on the atom 
bonded to the benzene ring. 


R Z: 
Z=Nor0O --> The ring is activated. 
Z = halogen — > The ring is deactivated. 


e All meta directors have a full or partial positive charge on the atom bonded to the 


benzene ring. 
on (5* or +) 


Sample Problem 18.4 shows how this information can be used to predict the products of electro- 
philic aromatic substitution reactions. 


Sample Problem 18.4 Draw the products of each reaction and state whether the reaction is faster or slower than a similar 
reaction with benzene. 


NHCOCH3 COOCH; 
HNO3 a Bro 
a. Sa NE . ue 
HS0, FeBrg 


Solution 
To draw the products: 
e Draw the Lewis structure for the substituent to see if it has a lone pair or partial positive 
charge on the atom bonded to the benzene ring. 
e Classify the substituent—ortho, para activating, ortho, para deactivating, or meta 
deactivating—and draw the products. 
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H H H 
a one HNO3 oan Z Nw n CH3 
I il + | il 
O H oO (@] 
2994 NO; ON 4 
ortho para 
The lone pair on N makes this group 
an ortho, para activator. 
This compound reacts faster than benzene. 
:0: :0: 
b Ge Br č 
“Gon, Be | “OCH, 
FeBrg 
meta 


The ôt on this C makes the group a meta deactivator. 
This compound reacts more slowly than benzene. 


Problem: 18.45 Draw the products formed when each compound is treated with HNO; and H2SO4. State whether 
the reaction occurs faster or slower than a similar reaction with benzene. 


COCH; CN OH Cl CHCH; 
Om O" OO" O OA 


18.8 Why Substituents Activate or Deactivate a Benzene Ring 


e Why do substituents activate or deactivate a benzene ring? 


¢ Why are particular orientation effects observed? Why are some groups ortho, para direc- 
tors and some groups meta directors? 


To understand why some substituents make a benzene ring react faster than benzene itself (activa- 
tors), whereas others make it react slower (deactivators), we must evaluate the rate-determining 
step (the first step) of the mechanism. Recall from Section 18.2 that the first step in electrophilic 
aromatic substitution is the addition of an electrophile (E*) to form a resonance-stabilized carbo- 
cation. The Hammond postulate (Section 7.15) makes it possible to predict the relative rate of the 
reaction by looking at the stability of the carbocation intermediate. 


e The more stable the carbocation, the lower in energy the transition state that forms it, 
and the faster the reaction. 


H H 


EX —> n 
[+ two resonance structures] 


Stabilizing the carbocation 
makes the reaction faster. 


The principles of inductive effects and resonance effects, first introduced in Section 18.6, can now 
be used to predict carbocation stability. 


e Electron-donating groups stabilize the carbocation and activate a benzene ring toward 
electrophilic attack. 

e Electron-withdrawing groups destabilize the carbocation and deactivate a benzene ring 
toward electrophilic attack. 
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Figure 18.6 Energy diagrams comparing the rate of electrophilic aromatic substitution of substituted benzenes 


Benzene with an Benzene Benzene with an 
electron-donor group D electron-withdrawing group W 


highest energy 
transition state 


lowest energy 
transition state 


Reaction coordinate Reaction coordinate Reaction coordinate 
e Electron-donor groups D stabilize the carbocation intermediate, lower the energy of the transition state, and increase the rate of reaction. 
e Electron-withdrawing groups W destabilize the carbocation intermediate, raise the energy of the transition state, and decrease the 
rate of reaction. 


The energy diagrams in Figure 18.6 illustrate the effect of electron-donating and electron- 
withdrawing groups on the energy of the transition state of the rate-determining step in electro- 
philic aromatic substitution. From Section 18.6, we now know which groups increase or decrease 
the rate of reaction of substituted benzenes with electrophiles. 


e All activators are either R groups or they have an N or O atom with a lone pair bonded 
directly to the benzene ring. These are the electron-donor groups of Section 18.6. 


R Z: [ Activating groups: 
Cy Cy Z=NorO -NH, -NHR = -NR, 


R = alkyl -ÖH -OR 


Activating and -NHCOR 
electron-donating groups R 


e All deactivators are either halogens or they have an atom with a partial or full positive 
charge bonded directly to the benzene ring. These are the electron-withdrawing groups 


of Section 18.6. 


on or (ôt or +) Deactivating groups: 


-COR 


X = halogen 
-COOH 


Deactivating and + 
electron-withdrawing groups | -SO3H_ -NO = -NR3 


Problem 18.16 Label each compound as more or less reactive than benzene in electrophilic aromatic substitution. 


C(CHs)3 OH COOCH,CH, N(CH) 
om ot orn es 
OH 
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Problem 18.17 Rank the following compounds in order of increasing reactivity in electrophilic aromatic substitution: 
CeHe, CgHsCl, CsH3OCHs. 


Problem 18.18 Rank the following compounds in order of increasing reactivity in electrophilic aromatic substitution. 


+ a ~ 2 v + 
o © @ ~ eo 0 Ə 
e) s “x “a 
e © ə e ® eo © @ 
39 
96%, 96%, E Se 
e) e] v 


18.9 Orientation Effects in Substituted Benzenes 


To understand why particular orientation effects arise, you must keep in mind the general struc- 
tures for ortho, para directors and for meta directors already given in Section 18.7. There are two 
general types of ortho, para directors and one general type of meta director: 


s All ortho, para directors are R groups or have a nonbonded electron pair on the atom 
bonded to the benzene ring. 


e All meta directors have a full or partial positive charge on the atom bonded to the 
benzene ring. 


To evaluate the directing effects of a given substituent, we can follow a stepwise procedure. 


Step[1] Draw all resonance structures for the carbocation formed from attack of an electrophile E* at the ortho, meta, 
and para positions of a substituted benzene (C,H; -— A). 


original substituent ——> A 


e There are at least three resonance structures for each site of reaction. 


¢ Each resonance structure places a positive charge ortho or para to the 
new C-E bond. 


Step [2] Evaluate the stability of the intermediate resonance structures. The electrophile attacks at those positions that 
give the most stable carbocation. 


Sections 18.9A-C show how this two-step procedure can be used to determine the directing 
effects of the CH; group in toluene, the NH, group in aniline, and the NO group in nitrobenzene, 
respectively. 


18.9A 


Always draw in the H atom at 
the site of electrophilic attack. 
This will help you keep track of 
where the charges go. 
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The CH; Group—An ortho, para Director 


To determine why a CH; group directs electrophilic aromatic substitution to the ortho and 
para positions, first draw all resonance structures that result from electrophilic attack at the 
ortho, meta, and para positions to the CH; group. 


CH, CH, CH3 CHa CH, 
H H H H E 
ortho E* E , E > Ei = 
attack J 


CH, stabilizes the preferred 
(+) charge product 


CH; CH; 


Chs Ch CH, 
| meta | Et 
attack H EL or A 
H E E E E 


CHa CH; CHa CH CH3 
para 
0—9 0l -0— 

f i HE H^^E H^E É 


CH; stabilizes the 


(+) charge preferred 


product 


Note that the positive charge in all resonance structures is always ortho or para to the new C-E 
bond. It is not necessarily ortho or para to the CH, group. 


To evaluate the stability of the resonance structures, determine whether any are especially stable 
or unstable. In this example, attack ortho or para to CH; generates a resonance structure that 
places a positive charge on a carbon atom with the CH, group. The electron-donating CH, 
group stabilizes the adjacent positive charge. In contrast, attack meta to the CH; group does not 
generate any resonance structure stabilized by electron donation. Other alkyl groups are ortho, 
para directors for the same reason. 


e Conclusion: The CH; group directs electrophilic attack ortho and para to itself because 
an electron-donating inductive effect stabilizes the carbocation intermediate. 
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18.98 The NH, Group—An ortho, para Director 


To determine why an amino group (NH3) directs electrophilic aromatic substitution to the 
ortho and para positions, follow the same procedure. 


NH. NH, NH. (NH, NH, NH 
7 Bt at H H H H E 
ortho E E =e Eas Ef — 
attack | 
more stable preferred 
All atoms have an octet. product 
NH NH, NH, NH, NH, 


.. oe oe i + os EZY A 
NH NH NH NH. NH NH 
2 2 (i 2 £ 2 2 | 2 
ac | — P J——[ J— — | j]— 
£ H H °E H’ “E H E HW “E j E 


more stable 


All atoms have an octet. preferred 


product 


Attack at the meta position generates the usual three resonance structures. Because of the lone pair on the 
N atom, attack at the ortho and para positións generates a fourth resonance structure, which is stabilized 
because every atom has an octet of electrons. This additional resonance structure can be drawn 
for all substituents that have an N, O, or halogen atom bonded directly to the benzene ring. 


e Conclusion: The NH3 group directs electrophilic attack ortho and para to itself because 
the carbocation intermediate has additional resonance stabilization. 
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18.9C The NO, Group—A meta Director 


To determine why a nitro group (NO,) directs electrophilic aromatic substitution to the meta 
position, follow the same procedure. 


destabilized 
two adjacent (+) charges 


i zana | 
NO, NOs NOs NO; NO; 
| meta E 
too A 2. CL —fa— OL Bii 
H E E E | E 
preferred 
product 


destabilized 
two adjacent (+) charges 


Attack at each position generates three resonance structures. One resonance structure resulting 
from attack at the ortho and para positions is especially destabilized, because it contains a posi- 
tive charge on two adjacent atoms. Attack at the meta position does not generate any particularly 
unstable resonance structures. 


e Conclusion: With the NO; group (and all meta directors), meta attack occurs because 
attack at the ortho or para position gives a destabilized carbocation intermediate. 


Problem 18.19 Draw all resonance structures for the carbocation formed by ortho attack of the electrophile *NO2 
on each starting material. Label any resonance structures that are especially stable or unstable. 


C(CHg)3 OH CHO 
conv O O 
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Figure 18.7 


The reactivity and directing 
effects of common substituted 
benzenes 


18.10 


18.10A 


-NH, [NHR, NRo] 

-ÖH 

ÖR activating - 
s groups ortho, para 


directors 


-X: [X =F, Cl, Br, 1] 


-CHO 


deactivating 
groups 


meta 
directors 


In summary: 

[1] All ortho, para directors except the halogens activate the benzene ring. 
[2] All meta directors deactivate the benzene ring. 

[3] The halogens deactivate the benzene ring. 


Figure 18.7 summarizes the reactivity and directing effects of the common substituents on ben- 
zene rings. You do not need to memorize this list. Instead, follow the general procedure outlined 
in Sections 18.9A-C to predict particular substituent effects. 


Limitations on Electrophilic Substitution Reactions 
with Substituted Benzenes 


Although electrophilic aromatic substitution works well with most substituted benzenes, halogena- 
tion and the Friedel-Crafts reactions have some additional limitations that must be kept in mind. 


Halogenation of Activated Benzenes 


Considering all electrophilic aromatic substitution reactions, halogenation occurs the most read- 
ily. As a result, benzene rings activated by strong electron-donating groups—OH, NH), and their 
alkyl derivatives (OR, NHR, and NR»)—undergo polyhalogenation when treated with X, and 
FeX3. For example, aniline (CgH;NH,) and phenol (CsH;OH) both give a tribromo derivative 
when treated with Br, and FeBr3. Substitution occurs at all hydrogen atoms ortho and para to the 
NH, and OH groups. 


— very strong activating group m 


NH3 NH3 OH OH 
Bry Br Br Bro Br Br 
— — 
FeBr3 FeBrg 
aniline Br phenol Br 


Every ortho and para His replaced. 


Problem 18.20 


18.10B 


Problem 18.21 


To minimize polyalkylation a 
large excess of benzene is 
used relative to the amount of 
alkyl halide. 
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Monosubstitution of H by Br occurs with Br, alone without added catalyst to form a mixture of 
ortho and para products. 


OH OH OH 
Bro Br 
| With no catalyst: | —_ + 
Br 


Draw the products of each reaction. 
OH OH CH3 


Limitations in Friedel-Crafts Reactions 


Friedel-Crafts reactions are the most difficult electrophilic aromatic substitution reactions to 
carry out in the laboratory. For example, they do not occur when the benzene ring is substituted 
with NO, (a strong deactivator) or with NH», NHR, or NR, (strong activators). 


A benzene ring deactivated by a strong electron-withdrawing group—that is, any of the meta 
directors—is not electron rich enough to undergo Friedel-Crafts reactions. 


NO, 
ahol No reaction 
| AlCl3 


strong deactivator 


Friedel-Crafts reactions also do not occur with NH) groups, which are strong activating groups. 
NH) groups are strong Lewis bases (due to the nonbonded electron pair on N), so they react with 
AICl, the Lewis acid needed for alkylation or acylation. The resulting product contains a posi- 
tive charge adjacent to the benzene ring, so the ring is now strongly deactivated and therefore 
unreactive in Friedel-Crafts reactions. 


H 
oh oem RCI , 
NH, + AlCl, ——~ N-AIClh — >> No reaction 
= 4 +l AlCl3 
Lewis acid H 
Lewis base 
This (+) charge deactivates the benzene ring. 


Which of the following compounds undergo Friedel-Crafts alkylation with CH3Cl and AlCl? Draw 
the products formed when a reaction occurs. 


Another limitation of the Friedel-Crafts alkylation arises because of polyalkylation. Treatment 
of benzene with an alkyl halide and AICI, places an electron-donor R group on the ring. Because 
R groups activate a ring, the alkylated product (CsHsR) is now more reactive than benzene itself 
toward further substitution, and it reacts again with RCI to give products of polyalkylation. 


R 
RCI RCI 
O i O i Cl O 
| R 
an electron-donor group 
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Rule [1] 


Rule [2} 


Polysubstitution does not occur with Friedel-Crafts acylation, because the product now has 
an electron-withdrawing group that deactivates the ring toward another electrophilic substitution. 


C 
+ k arf? 
R Cl AlCl a deactivating group 


Disubstituted Benzenes 


What happens in electrophilic aromatic substitution when a disubstituted benzene ring is used as 
starting material? To predict the products, look at the directing effects of both substituents 
and then determine the net result, using the following three guidelines. 


When the directing effects of two groups reinforce, the new substituent is located on the position 
directed by both groups. 


For example, the CH; group in p-nitrotoluene is an ortho, para director and the NO, group is a 
meta director. These two effects reinforce each other so that one product is formed on treatment 
with Br, and FeBr;. Notice that the position para to the CH, group is “blocked” by a nitro group 
so no substitution can occur on that carbon. 

ortho, para director 


Hg 


fr 
°) __ The ne new group is ortho to the CH, group 
and meta to the NO, group. 
C h $ =a 


meta director 


p-nitrotoluene 


If the directing effects of two groups oppose each other, the more powerful activator “wins out.” 


In compound A, the NHCOCH; group activates its two ortho positions, and the CH; group acti- 
vates its two ortho positions to reaction with electrophiles. Because the NHCOCH; is a stronger 
activator, substitution occurs ortho to it. 


stronger ortho, para director 


CLT pogan 
3 The nei new substituent goes ortho 
to the stronger activator. 
ate 
Ch 


weaker ortho, para director 


A 
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Rule [3] No substitution occurs between two meta substituents because of crowding. 


For example, no substitution occurs at the carbon atom between the two CH; groups in m-xylene, 
even though two CH; groups activate that position. 


——— ae | Ne eubeon 
| ortho to 1 CH, group i CH; occurs here. CHa 
j gf 


. para to 1 CH3 group 


c Bro 
—_> 
—_—— FeBrg 
ortho to 1 CHa group CH; CH; 
para to 1 CH, group m-xylene Br 


a -— (1,3-dimethylbenzene) 


Sample Problem 18.5 Draw the products formed from nitration of each compound. 
OH OH 
a. b. A 
CHa 
CH, 


Solution 
a. Both the OH and CH; groups are ortho, para directors. Because the OH group is a stronger 
activator, substitution occurs ortho to it. 


_ stronger ortho, para OH OH 
| director | C F NO | The new substituent goes ortho 
EE HNO, g 


j to the stronger activator. 
— 
HS0, 


b. Both the OH and CH; groups are ortho, para directors whose directing effects reinforce each 
other in this case. No substitution occurs between the two meta substituents, however, so two 


products result. 
No substitution | 
occurs here. OH OH 


OH 
~ HNO, ON 
pasa a + 
H,SO, 
i CH; CH CH, 
2 


NO 


Three positions are activated 
by both substituents. 


Problem 18.22 Draw the products formed when each compound is treated with HNO; and HsSO,. 
OCH; OCH; 


CH; cl 
Br NO, 
a. b, Ci d. 
Br 


COOCH; 
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Sample Problem 18.6 


Synthesis of Benzene Derivatives 


To synthesize benzene derivatives with more than one substituent, we must always take into 
account the directing effects of each substituent. In a disubstituted benzene, for example, the 
directing effects indicate which substituent must be added to the ring first. 


For example, the Br group in p-bromonitrobenzene is an ortho, para director and the NO) group 
is a meta director. Because the two substituents are para to each other, the ortho, para director 
must be introduced first when synthesizing this compound from benzene. 


ortho, para director — Br 


Because the two groups are para to each other, 
add the ortho, para director first. 


meta director —>NO, 


p-bromonitrobenzene 


Thus, Pathway [1], in which bromination precedes nitration, yields the desired para product, 
whereas Pathway [2], in which nitration precedes bromination, yields the undesired meta isomer. 


Pathway [1]: Bromination before nitration 


ortho, para director 
HNO; 
a “HS0, 


This pathway gives the desired product. 


Br 


The ortho isomer can be 
NO. A 
separated from the mixture. 


para product 


Pathway [2]: Nitration before bromination 


_HINO, li pathway does NOT form 
H,S04 ee the desired product. 


meta director meta isomer 


y 


Pathway [1] yields both the desired para product as well as the undesired ortho isomer. Because 
these compounds are constitutional isomers, they are separable. Obtaining such a mixture of 
ortho and para isomers is often unavoidable. 


Devise a synthesis of o-nitrotoluene from benzene. 


CH, 


o-nitrotoluene 


Problem 18.23 


18.13 


18.13A 
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Solution 

The CH3 group in o-nitrotoluene is an ortho, para director and the NO; group is a meta director. 
Because the two substituents are ortho to each other, the ortho, para director must be introduced 
first. The synthesis thus involves two steps: Friedel-Crafts alkylation followed by nitration. 


CH, 
NO 
CH,CI HNO, i l 
ACR ~ H50, + para isomer 


o-nitrotoluene 
Friedel-Crafts alkylation first 


Devise a synthesis of each compound from the indicated starting material. 


Cl OH OH 
Os0* O =Q 
a. => b. A =>> O Ĝi => 
SO3H CHa 
ON CH, 


Nucleophilic Aromatic Substitution 


Although most reactions of aromatic compounds occur by way of electrophilic aromatic substitu- 
tion, aryl halides undergo a limited number of substitution reactions with strong nucleophiles. 


Nucleophilic aromatic kp = a & pon + X 
substitution A A 
X =F, Cl, Br, I 
A = H or electron-withdrawing group 


e Nucleophilic aromatic substitution results in the substitution of a halogen X ona 
benzene ring by a nucleophile (:Nu). 


As we learned in Section 7.18, these reactions cannot occur by an Syl or Sy2 mechanism, which 
take place only at sp? hybridized carbons. Instead, two different mechanisms are proposed to 
explain the results: addition—-elimination (Section 18.13A) and elimination—addition (Section 
18.13B). 


Nucleophilic Aromatic Substitution by Addition-Elimination 


Aryl halides with strong electron-withdrawing groups (such as NO,) on the ortho or para posi- 
tions react with nucleophiles to afford substitution products. For example, treatment of p-chloro- 
nitrobenzene with hydroxide (OH) affords p-nitrophenol by replacement of Cl by OH. 


on )-o -Oh on 0H + cr 


p-chloronitrobenzene p-nitrophenol 


Nucleophilic aromatic substitution occurs with a variety of strong nucleophiles, including OH, 
“OR, NH, SR, and in some cases, neutral nucleophiles such as NH; and RNH). The mechanism 
of these reactions has two steps: addition of the nucleophile to form a resonance-stabilized carb- 
anion, followed by elimination of the halogen leaving group. Mechanism 18.10 is drawn with 
an aryl chloride containing a general electron-withdrawing group W. 
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{ò Mechanism 18.10 Nucleophilic Aromatic Substitution by Addition-Elimination 


Step [1] Addition of the nucleophile (:Nu’) to form a carbanion 


e Addition of the nucleophile (:Nu`) forms a 
resonance-stabilized carbanion with a new 


s=Nu7 
be Nu Nu 3 Nu 
fi Cl Cl Cl C—Nu bond—three resonance structures 
2 ——j +> <> 
z can be drawn. 
wW w sJ w Ww 


e Step [1] is rate-determining since the 
resonance-stabilized carbanion aromaticity of the benzene ring is lost. 


Step [2] Loss of the leaving group to re-form the aromatic ring 
e In Step [2], loss of the leaving group re-forms 


Nu 
Nu 
Tol + CF the aromatic ring. This step is fast because the 
D aromaticity of the benzene ring is restored. 
W W 


In nucleophilic aromatic substitution, the following trends in reactivity are observed. 


e Increasing the number of electron-withdrawing groups increases the reactivity of the 
aryl halide. Electron-withdrawing groups stabilize the intermediate carbanion, and by 
the Hammond postulate, lower the energy of the transition state that forms it. 


e Increasing the electronegativity of the halogen increases the reactivity of the aryl 
halide. A more electronegative halogen stabilizes the intermediate carbanion by an 
inductive effect, making aryl fluorides (ArF) much more reactive than other aryl halides, 
which contain less electronegative halogens. 


Thus, aryl chloride B is more reactive than o-chloronitrobenzene (A) because it contains two 
electron-withdrawing NO, groups. Aryl fluoride C is more reactive than B because C contains 
the more electronegative halogen, fluorine. 


on ak po nO a 


NO» NO; NO, 
A B l 


Increasing reactivi 


Note, too, that the location of the electron-withdrawing group greatly affects the rate of nucleo- 
philic aromatic substitution. When a nitro group is located ortho or para to the halogen, the nega- 
tive charge of the intermediate carbanion can be delocalized onto the NO, group, thus stabilizing 
it. With a meta NO, group, no such additional delocalization onto the NO, group occurs. 
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| Para NO, group | 


| additional resonance stabilization j 


—— The negative charge is delocalized 


l Meta NO, group on the O atom of the NO; group. 


NO, NO, 


The negative charge is never delocalized on the NO, group. 


Thus, nucleophilic aromatic substitution by an addition—elimination mechanism occurs only with 
aryl halides that contain electron-withdrawing substituents at the ortho or para position. 


Problem 18.24 Draw the products of each reaction, 
ON 
s NaOCH, O -OH 
a. = bF n 
Cl 
NO» 


Problem 18.25 Draw a stepwise mechanism for the following reaction that forms ether D. D can be converted to 
the antidepressant fluoxetine (trade name Prozac) in a single step. 


N(CHa)z N(CHa)2 NHCH, 


F,C. FC. FAC. 
3 LON KOC(CHa) ° LON $ A 
4 ee eon ———— | 
one step 
Cl HO ie) ie) 
D 


fluoxetine 


18.13B Nucleophilic Aromatic Substitution by Elimination—Addition: 
Benzyne 


Aryl halides that do not contain an electron-withdrawing group generally do not react with 
nucleophiles. Under extreme reaction conditions, however, nucleophilic aromatic substitution 
can occur with aryl halides. For example, heating chlorobenzene with NaOH above 300 °C and 
170 atmospheres of pressure affords phenol. 


[1] NaOH, 300 °C, 170 atm 
Se an 
(Je [21 H,O" OH + Nacl 


chlorobenzene phenol 
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The mechanism proposed to explain this result involves formation of a benzyne intermediate 
(C6H4) by elimination—addition. As shown in Mechanism 18.11, benzyne is a highly reactive, 
unstable intermediate formed by elimination of HX from an aryl halide. 
ts Mechanism 18.11 Nucleophilic Aromatic Substitution by Elimination-Addition: Benzyne 
Part [1] Elimination of HX to form benzyne 
Cl a CCl m 
/ 9H Oh = Q e Elimination of H and X from two adjacent carbons forms a 
OH Š reactive benzyne intermediate (Steps [1] and [2]). 
+ H20 benzyne 
+ Cr 


Part [2] Nucleophilic addition to form the substitution product 
JÖH 


13] OH 7 OH 
CO ==> Cr al CX e Addition of the nucleophile (OH in this case) and 
* “HTH H protonation form the substitution product (Steps [3] and [4]). 


+ “OH 


Formation of a benzyne intermediate explains why substituted aryl halides form mixtures of 
products. Nucleophilic aromatic substitution by an elimination—addition mechanism affords 
substitution on the carbon directly bonded to the leaving group and the carbon adjacent to 
it. As an example, treatment of p-chlorotoluene with NaNH, forms para- and meta-substitution 


products. 
CHa CH CH3 
| S NaNH, P A 
pe NH3 iy 
Cl NH3 


p-chlorotoluene p-methylaniline m-methylaniline 
(p-toluidine) (m-toluidine) 


This result is explained by the fact that nucleophilic attack on the benzyne intermediate may occur 
at either C3 to form m-methylaniline, or C4 to form p-methylaniline. 


CHa CH; CH3 CH3 
NaNHs g Nh NH3 
ee — > 0o — > 
two steps nucleophilic 
4) attack at C3 2 4 NH2 NH2 
Cl C3 H 
p-chlorotoluene or m-methylaniline 
CH, 


IN H2 


CH3 CH, 
NH3 
— 
nucleophilic ss 
Qo attack at C4 ca H 
NH3 NH» 


p-methylaniline 


As you might expect, the triple bond in benzyne is unusual. Each carbon of the six-membered 
ring is sp” hybridized, and as a result, the © bond and two x bonds of the triple bond are formed 
with the following orbitals. 
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e The c bond is formed by overlap of two sp” hybrid orbitals. 


e One z bond is formed by overlap of two p orbitals perpendicular to the plane of the 
molecule. 


e The second t bond is formed by overlap of two sp? hybrid orbitals. 


sp? hybridizea~ _ 
H 


Thus, the second z bond of benzyne differs from all other x bonds seen thus far, because it is 
formed by the side-by-side overlap of sp’ hybrid orbitals, not p orbitals. This 1 bond, located 
in the plane of the molecule, is extremely weak. 


Problem 18.26 Draw the products of each reaction. 


NaNH KNH 
a. g -A ‘hGH ay AO g g ae, 
NH3 H20 NH3 
A 


Problem 18.27 Draw all products formed when m-chlorotoluene is treated with KNH> in NH3. 


18.14 Halogenation of Alkyl Benzenes 


We finish Chapter 18 by learning some additional reactions of substituted benzenes that greatly 
expand the ability to synthesize benzene derivatives. In Section 18.14 we return to radical halo- 
genation, and in Section 18.15 we examine useful oxidation and reduction reactions. 


Radical halogenation of alkanes 
was discussed in Chapter 15. 
The mechanism of radical 
halogenation at an allylic carbon Benzylic C—H bonds are weaker than most other sp” hybridized C-H bonds, because homolysis 
was given in Section 15.10. forms a resonance-stabilized benzylic radical. 


benzylic C-H bond 


HAH 


j H 3 H H 
c C C C C i 26 
or SCH, “CH, Cre a SCH, EY SCH CY “CH, 
—_—_ > > “> z — E <--> 
W 
+H 


five resonance structures for the benzylic radical 


The bond dissociation energy 
for a benzylic C— H bond 

(356 kJ/mol) is even less than 
the bond dissociation energy for 


As a result, an alkyl benzene undergoes selective bromination at the weak benzylic C-H bond 
under radical conditions to form a benzylic halide. For example, radical bromination of ethyl- 
benzene using either Br, (in the presence of light or heat) or N-bromosuccinimide (NBS, in the 
presence of light or peroxides) forms a benzylic bromide as the sole product. 


a 3° C-H bond (381 kJ/mol). H H : H Br 
Cw hy a A Cw 
CH3 ee CH, + HBr 
or 
NBS 
ethylbenzene hv or ROOR a benzylic bromide 


radical conditions 


The mechanism for halogenation at the benzylic position resembles other radical halogenation 
reactions, and so it involves initiation, propagation, and termination. Mechanism 18.12 illustrates 
the radical bromination of ethylbenzene using Br, (hv or A). 
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{ò Mechanism 18.12 Benzylic Bromination 


Initiation 
Step [1] Bond cleavage forms two radicals. 


e The reaction begins with homolysis of the Br- Br 


Bro” Br > AB oe 9B bond using energy from light or heat to form two Br: 


hvora 


radicals. 
Propagation 
Steps [2] and [3] One radical reacts and a new radical is formed. 
it HS Ne. H H r ° Abstraction of a benzylic hydrogen by a Br» radical 
Sb Br hia C agh WT forms the resonance-stabilized benzylic radical in 
CHa “= ™ “CH, Step [2], which reacts with Br in Step [3] to form 
Eom Eo the bromination product. 
+ -Br: ° Because the Br: radical formed in Step [3] is a 
[+ four resonance structures] reactant in Step [2], Steps [2] and [3] can occur 
+ HBr repeatedly without additional initiation. 


Repeat Steps [2], [3], [2], [3], again and again. 


Termination 
Step [4] Two radicals react to form a bond. 
e MNN 9 bi ao if e To terminate the reaction, two radicals, for example 
Br + lr: ‘Br —Br: 


two Br- radicals, react with each other to form a 
stable bond. 


Thus, an alkyl benzene undergoes two different reactions with Bry, depending on the reaction 


conditions. 
Bro 
+ lonic conditions | 
FeBrg ——E—EEEE 
Br Br 
T” ortho isomer para isomer 


Br 


Bro 


Radical conditi 
hvor sits 


e With Br, and FeBr; (ionic conditions), electrophilic aromatic substitution occurs, resulting 
in replacement of H by Br on the aromatic ring to form ortho and para isomers. 


e With Br, and light or heat (radical conditions), substitution of H by Br occurs at the benzylic 
carbon of the alkyl group. 


Problem 18.28 Explain why CgH;CH2CH,Br is not formed during the radical bromination of CgHsCH2CHs. 


The radical bromination of alkyl benzenes is a useful reaction because the resulting benzylic 
halide can serve as starting material for a variety of substitution and elimination reactions, thus 
making it possible to form many new substituted benzenes. Sample Problem 18.7 illustrates one 
possibility. 
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Sample Problem 18.7 Design a synthesis of styrene from ethylbenzene. 


H 
| 


C. CHCH 
g~ = o 


styrene ethylbenzene 


Solution 
The double bond can be introduced by a two-step reaction sequence: bromination at the benzylic 
position under radical conditions, followed by elimination of HBr with strong base to form the n bond. 


4 p H 
CHCH C = è 
ws Bro “Cha K+ -OC(CHa)3 SeH 
hvor A 
ethylbenzene | | styrene 
i [1] benzylic bromination | [2] elimination with strong base | 


Problem 18.29 How could you use ethylbenzene to prepare each compound? More than one step is required. 


OH 
oO OH 
S 
a. b. G d. 
Br 


18.15 Oxidation and Reduction of Substituted Benzenes 


Oxidation and reduction reactions are valuable tools for preparing many other benzene deriva- 
tives. Because the mechanisms are complex and do not have general applicability, reagents and 
reactions are presented only, without reference to the detailed mechanism. 


18.15A Oxidation of Alkyl Benzenes 


Arenes containing at least one benzylic C-H bond are oxidized with KMnO; to benzoic 
acid, a carboxylic acid with the carboxy group (COOH) bonded directly to the benzene ring. 
With some alkyl benzenes, this also results in the cleavage of carbon-carbon bonds, so the prod- 
uct has fewer carbon atoms than the starting material. 


"Examples | om 
(0) 
6 carboxy group 
toluene NOH 


KMnO, 
OQ 


benzoic acid 


O 
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Substrates with more than one alkyl group are oxidized to dicarboxylic acids. Compounds with- 
out a benzylic C-H bond are inert to oxidation. 


CH2CH3 COOH 
K a 
CH CH3 COOH 
phthalic acid 


C(CHg3)3 
| = KMNO, 
Z ————_ Noreaction 


18.15B Reduction of Aryl Ketones to Alkyl Benzenes 


Ketones formed as products in Friedel-Crafts acylation can be reduced to alkyl benzenes by two 
different methods. 


O H H 
General reaction Il A 
A 


Zn(Hg) + HCI Cy R 
or 


NH NH, + -OH 


| ‘Replacement of both C-O bonds by C-H bonds | 


¢ The Clemmensen reduction uses zinc and mercury in the presence of strong acid. 
e The Wolff-Kishner reduction uses hydrazine (NH,NH,) and strong base (KOH). 


Because both C—O bonds in the starting material are converted to C -H bonds in the product, the 
reduction is difficult and the reaction conditions must be harsh. 


te) H H 
ĉ Xf 
Clemmensen CH, Zn(Hg) + HCI SCH n 
reduction —————————- 
A 
(9) H 
iI \ 


 Wolff-Kishner O~ O(CHs)s NH2NH3 + “OH No(s), 
reduction A 


We now know two different ways to introduce an alkyl group on a benzene ring (Figure 18.8): 


e A one-step method using Friedel-Crafts alkylation 


e A two-step method using Friedel-Crafts acylation to form a ketone, followed by 
reduction 


Figure 18.8 Friedel-Crafts 
Two methods to prepare an alkylation Ht F 
alkyl! benzene Ck 
CO RCH,CI CY R 
— 
AICl, 


Friedel-Crafts O | reduction | 
acylation g | reduction | 
RCOCI Cy `R 


Problem 18.30 


Problem 18.31 


18.15C 


Benzocaine is the active 
ingredient in the over-the- 
counter topical anesthetic 
Orajel. 
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Although the two-step method seems more roundabout, it must be used to synthesize certain 
alkyl benzenes that cannot be prepared by the one-step Friedel-Crafts alkylation because of 
rearrangements. 


Recall from Section 18.5C that propylbenzene cannot be prepared by a Friedel-Crafts alkylation. 
Instead, when benzene is treated with 1-chloropropane and AlCl, isopropylbenzene is formed 
by a rearrangement reaction. Propylbenzene can be made, however, by a two-step procedure 
using Friedel-Crafts acylation followed by reduction. 


Friedel-Crafts alkylation generates 
isopropyibenzene by rearrangement. 
CH3CH,CH,Cl CH(CHs)2 
— o 
AICI; 


isopropylbenzene acylation followed by reduction— 
generates propylbenzene. 


The two-step sequence—Friedel-Crafts 


! 


CH,CHS CI 


C C CH,CH,CH 
A “CH,CH, Zn(Hg), HCI — 
AICI, 


propylbenzene 


Write out the two-step sequence that converts benzene to each compound: 
(a) CgHs;CH2CH2CH2CH2CHs; (b) CgHsCH2C(CHa)s. 


What steps are needed to convert benzene into p-isobutylacetophenone, a synthetic intermediate 
used in the synthesis of the anti-inflammatory agent ibuprofen. 


ce) COOH 
Lor several LE 
steps 
p-isobutylacetophenone ibuprofen 


Reduction of Nitro Groups 


A nitro group (NO)) is easily introduced on a benzene ring by nitration with strong acid (Section 
18.4). This process is useful because the nitro group is readily reduced to an amino group (NH3) 
under a variety of conditions. The most common methods use H; and a catalyst, or a metal (such 
as Fe or Sn) and a strong acid like HCl. 


NO; NH, 
or = —— or 
or 


nitrobenzene Fe, HCI aniline 
or 
Sn, HC! 


For example, reduction of ethyl p-nitrobenzoate with H, and a palladium catalyst forms ethyl 
p-aminobenzoate, a local anesthetic commonly called benzocaine. 


H 


ethyl p-nitrobenzoate ethyl p-aminobenzoate 
(benzocaine) 
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Sample Problem 18.8 illustrates the utility of this process in a short synthesis. 


Sample Problem 18.8 Design a synthesis of m-bromoaniline from benzene. 


— i 
Br 


m-bromoaniline 


NH2 


Solution 
To devise a retrosynthetic plan, keep in mind: 


¢ The NH; group cannot be introduced directly on the ring by electrophilic aromatic 
substitution. It must be added by a two-step process: nitration followed by reduction. 


e Both the Br and NH; groups are ortho, para directors, but they are located meta to each 
other on the ring. However, an NO; group (from which an NH» group is made) is a meta 
director, and we can use this fact to our advantage. 


Retrosynthetic Analysis 
Working backward gives the following three-step retrosynthetic analysis: 


reduction | nitration 


a 


NO, tS 


[1] [2] [3] O 
——_ —<———— | > 
Br Br 
m-bromoaniline Ld 


| bromination | 


NH3 


[1] Form the NH3 group by reduction of NO». 
e [2] Introduce the Br group meta to the NO; group by halogenation. 
[3] Add the NO; group by nitration. 


Synthesis 

The synthesis then involves three steps, and the order is crucial for success. Halogenation 
(Step [2] of the synthesis) must occur before reduction (Step [3]) in order to form the meta 
substitution product. 


“HSO, Tab Pag 


[1] 
m-bromoaniline 
Br goes meta d the NOz group, 
a meta director. 


Problem 18.32 — Synthesize each compound from benzene. 


om om : N COOH 
a. b. Cc. 
4 Br 
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18.16 Multistep Synthesis 


The reactions learned in Chapter 18 make it possible to synthesize a wide variety of substituted 
benzenes, as shown in Sample Problems 18.9-18.11. 


Sample Problem 18.9 — Synthesize p-nitrobenzoic acid from benzene. 


on- coor 


p-nitrobenzoic acid 


Solution 

Both groups on the ring (NO, and COOH) are meta directors. To place these two groups para to 
each other, remember that the COOH group is prepared by oxidizing an alkyl group, which is an 
ortho, para director. 


Retrosynthetic Analysis 
Friedel-Crafts | 
alkylation 


CHa faee 


[1] [2] [3] Q 
p | Ss =m: 2 
NO; NO, ee 


p-nitrobenzoic acid | nitration | 


oxidation - 
COOH 


Working backwards: 
e [1] Form the COOH group by oxidation of an alkyl group. 
e [2] Introduce the NO, group para to the CH3 group (an ortho, para director) by nitration. 
e [3] Add the CH; group by Friedel-Crafts alkylation. 


Synthesis 
COOH 
CHCl HNO; h 
AlCl; HS0, 
1) toluene [2] 
[+ ortho r poteat 
acid 


e Friedel-Crafts alkylation with CH3Cl and AICI, forms toluene in Step [1]. Because CH3 is an 
ortho, para director, nitration yields the desired para product, which can be separated from 
its ortho isomer (Step [2]). 

e Oxidation with KMnO; converts the CH3 group into a COOH group, giving the desired 
product in Step [3]. 


Sample Problem 18.10 Synthesize p-chlorostyrene from benzene. 


OY 
p-chlorostyrene 
Solution 


Both groups on the ring are ortho, para directors located para to each other. To introduce the 
double bond in the side chain, we must follow the two-step sequence in Sample Problem 18.7, 
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Retrosynthetic Analysis 


Friedel-Crafts | 
| .calByfation| E 


| two steps two steps two steps | 


Q = CHCH m i 
p-chlorostyrene al chlorination | 


Working backwards: 
e [1] Form the double bond by two steps: benzylic halogenation followed by elimination. 
è [2] Introduce the CH3CH» group by Friedel-Crafts alkylation. 
e [3] Add the Cl atom by chlorination. 


CHCH; 
Oh _CH;CH,C1 Kt fase 
or AIC, 
[1] [2] (3 


[+ _ PEN. 


Synthesis 


e Chlorination in Step [1] followed by Friedel-Crafts alkylation in Step [2] forms the desired 
para product, which can be separated from its ortho isomer. 

e Benzylic bromination followed by elimination with strong base [KOC(CHs)3] (Steps [3] and [4]) 
forms the double bond of the target compound, p-chlorostyrene. 


Sample Problem 18.11 _ Synthesize the trisubstituted benzene A from benzene. 


CH OA 
a NO 


D A 


Solution 
Two groups (CH3CO and NO;) in A are meta directors located meta to each other, and the third 
substituent, an alkyl group, is an ortho, para director. 


Retrosynthetic Analysis 

With three groups on the benzene ring, begin by determining the possible disubstituted benzenes 
that are immediate precursors of the target compound, and then eliminate any that cannot be 
converted to the desired product. For example, three different disubstituted benzenes (B-D) can 
theoretically be precursors to A. However, conversion of compounds B or D to A would require a 
Friedel-Crafts reaction on a deactivated benzene ring, a reaction that does not occur. Thus, only C 
is a feasible precursor of A. 
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| Target compound | 


Has O H ON 
NO, CHang CHang NO. 


B O c o D 


no Friedel-Crafts on a strongly 
| Only this pathway works. deactivated benzene ring 


To complete the retrosynthetic analysis, prepare C from benzene: 


1 fi, se = [2] 4.0 
it c 
O == Z le 
Friedel-Crafts 
acylation 


e [1] Add the ketone by Friedel-Crafts acylation. 


e [2] Add the alkyl group by the two-step process — Friedel-Crafts acylation followed by 
reduction. It is not possible to prepare butylbenzene by a one-step Friedel-Crafts 
alkylation because of a rearrangement reaction (Section 18.15B). 


no Friedel-Crafts on a strongly 
deactivated benzene ring 


QO 
x= 
° 
/ 
9O 


Synthesis 
fe) 
ee AlCl, Zn(Hg) 
+ — > 
[1] HCI 
(2] butylbenzene 
i 
all £ So 2 AlCl, 
HNO; 
CH3. H 
$ C NO, H50, e 5e 
O A [4] O 


[+ ortho — 


e Friedel-Crafts acylation followed by reduction with Zn(Hg), HCI yields butylbenzene 
(Steps [1}[2)). 

e Friedel-Crafts acylation gives the para product C, which can be separated from its ortho 
isomer (Step [3]). 

e Nitration in Step [4] introduces the NOs group ortho to the alkyl group (an ortho, para 
director) and meta to the CH3CO group (a meta director). 


Problem 18.33  Synthesize each compound from benzene. 
Q 


Br 
NY 


Cc CHCH; CHO 
a op {F b. i K` 
SO,3H CHCH Ci 
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KEY CONCEPTS —_ 


Reactions of Aromatic Compounds 


Mechanism of Electrophilic Aromatic Substitution (18,2) 


e Electrophilic aromatic substitution follows a two-step mechanism. Reaction of the aromatic ring with an electrophile forms a 
carbocation, and loss of a proton regenerates the aromatic ring. 

e The first step is rate-determining. 

e The intermediate carbocation is stabilized by resonance; a minimum of three resonance structures can be drawn. The positive 
charge is always located ortho or para to the new C- E bond. 


H H H 
os —- oF a 
(+) ortho to E (+) para to E (+) ortho to E 


Three Rules Describing the Reactivity and Directing Effects of Common Substituents (18.7-18.9)} 


[1] All ortho, para directors except the halogens activate the benzene ring. 
[2] All meta directors deactivate the benzene ring. 
[3] The halogens deactivate the benzene ring and direct ortho, para. 


Summary of Substituent Effects in Electrophilic Aromatic Substitution (18,.6-18.9) 


Substituent Inductive effect Resonance effect Reactivity Directing effect 
i 
[1] donating none activating ortho, para 
R = alkyl 
| 
[2] O withdrawing donating activating ortho, para 
zZz=NorO 
| 
[3] withdrawing donating deactivating ortho, para 
X = halogen 


Y (tor +) | 
[4] O withdrawing withdrawing deactivating meta 


Five Examples of Eiectrophilic Aromatic Substitution 
[1] Halogenation— Replacement of H by Cl or Br (18.3) 


es | | Br 
x | o | CY e Polyhalogenation occurs on benzene rings 
a | ; substituted by OH and NH; (and related 
Meco peewee _ aryl bromide substituents) (18.10A). 


HNO, NO. 
H250, 


nitro compound 


[3] Sulfonation— Replacement of H by SO3H (18.4) 


H so, SO3H 
H50, 


_ benzenesulfonic 
acid 


[4] Friedel-Crafts alkylation — Replacement of H by R (18.5) 


ci. 
| alkyl benzene 
(arene) 


H 
RCI 
AlCl; 


| Variations: | 


hi ROH R 
1] with alcohol > 
[1] with alcohols Cy HSO; Cy 
H CH,=CHR 
f 27 
2] with alk 
[2] with alkenes Cy “hee,” 


[5] Friedel-Crafts acylation—Replacement of H by RCO (18.5) 


Nucleophilic Aromatic Substitution (18.13) 
[1] Nucleophilic substitution by an addition-elimination mechanism 


X=F, Cl, Br, I 
A = electron-withdrawing group 


[2] Nucleophilic substitution by an elimination-addition mechanism 


X = halogen 


e 
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Rearrangements can occur. 

Vinyl halides and aryl halides are unreactive. 
The reaction does not occur on benzene rings 
substituted by meta deactivating groups or NH2 
groups (18.10B). 

Polyalkylation can occur. 


The reaction does not occur on benzene rings 
substituted by meta deactivating groups or NH2 
groups (18.10B). 


The mechanism has two steps. 

Strong electron-withdrawing groups at the 
ortho or para positions are required. 
Increasing the number of electron-withdrawing 
groups increases the rate. 

Increasing the electronegativity of the halogen 
increases the rate. 


Reaction conditions are harsh. 
Benzyne is formed as an intermediate. 
Product mixtures may result. 
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Other Reactions of Benzene Derivatives 
[1] Benzylic halogenation (18.14) 


Br 


Bro | 

R hvor A R 
or | 
NBS | 


hv or ROOR benzylic bromide 


[2] Oxidation of alkyi benzenes (18.15A) 


KMO; | COOH 
e A benzylic C-H bond is needed for reaction. 


benzoic acid 


[3] Reduction of ketones to alkyl benzenes (18.15B) 


o^ a= [O 
MN -OH 


alkyl benzene 


[4] Reduction of nitro groups to amino groups (18.150) 


NO,  HaąPdC | NH3 
— 
O Fe, HCI Cy 
or 
Sn, HCI aniline 


PROBLEMS a 


Problems Using Three-Dimensional Models 


18.34 Draw the products formed when A and B are treated with each of the following reagents: (a) Bro, FeBrg; (b) HNO3, H2SO,; 
(c) CH3CH2COCI, AlCls. 


4 <@» 
». @ @ Y 
o o 29, » @ 
v 
@ 
© o ® ee 
© » @ © @ @ 
A 
@ @ @ 
= d 2 
A B 


y 
` 
2 
Sse 
B 5 
“o @ so &- 
eo o 24% 
ee & Ç 
{v 
v 
veu 


Reactions 
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18.36 Draw the products formed when phenol (CgH;OH) is treated with each reagent. 
a. HNO3, HeSO,4 e. Bro, FeBr3 i. product in (d), then Zn(Hg), HCI 
b. SO, H280, f. Bro j. product in (d), then NH2NH2, OH 
c. CH3CH2Cl, AlCl g. Clo, FeCls k. product in (c), then Brz, hv 
d. (CHCH}CHCOCI, AICl, h. product in (a), then Sn, HCI |. product in (c), then KMnO, 


18.37 


18.38 


18.39 


18.40 


18.41 


Draw the products formed when each compound is treated with CH3CH2COCI, AlCla. 


il 
CH(CH 
b. on d. e. 


Draw the products of each reaction. 


. , 
FeBr. H2SO 
CH, 3 2944 


NO2 HNO, 

g. — > 

on No, "504 
_CH3CH,CI_ Ol 
OCOCH, gh. CHO COOCH, -Eso 


What products are formed when benzene is treated with each alkyl chloride and AICl,? 


a ANN b AA a ox A 7 cl 


Cl 


HNO; Hooo, C000 
o, HO er s Aeg 
3 


Draw the products of each reaction. 


KMnO, Bro 
a. CHg C(CH3)3. => d. TeBe 
3 


CHa 
Zn(Hg), HCI CHNH> 
c. 7 f. ON a —> 4 
o- CH2CH2CHa 
li 
O 


NaSCH,CH, 
— 


NO; 


You have learned two ways to make an alkyl benzene: Friedel-Crafts alkylation, and Friedel-Crafts acylation followed by 
reduction. Although some alkyl benzenes can be prepared by both methods, it is often true that only one method can be used 
to prepare a given alkyl benzene. Which method(s) can be used to prepare each of the following compounds from benzene? 


Show the steps that would be used. 
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18.42 One step in the synthesis of pioglitazone (trade name Actos), a drug used to treat type 2 diabetes, involves the reaction of A 
with B in the presence of NaH to afford C. What is the structure of C? 


NC 
Z 
Ch. $ O a i 
a 
N OH F 
A B 


18.43 D is an intermediate in the synthesis of rosiglitazone (trade name Avandia), a drug used for type 2 diabetes. Suggest two 
different methods to prepare the ether in D by substitution reactions. 


CHO s 
N ‘ LY | KIL ‘ 
| SN No NUN 2~o7 S o N 
H 
Z © 
D rosiglitazone 


18.44 Explain why each of the following reactions will not form the given product. Then, design a synthesis of A from benzene and B 
from phenol (CgH;OH). 


SO3H SOH 
3 M] CHgCOCI, AlCl x 
ee a” = 
a- [2] Clp, FeCl, A 


Cl 
COCH, 


OCH 
i 3 [1] CH3CH2CH2CH;CI, AlCl, ai : 
— BIANO, H250; 7 Bs 
CH3gCH CH CH NOs 


2 


Substituent Effects 


18.45 Rank the compounds in each group in order of increasing reactivity in electrophilic aromatic substitution. 
a. CgHsNOz, CeHe, CgHsOH C. CsHs, CsH5NO;,, CsHsNH2 
b. CsHe, CsH5CIl, CeHsCHO d. CsH5CH3, CeHsNH2, CeHsCH2NH2 


18.46 For each of the following substituted benzenes: [1] CsHsBr; [2] CsHsCN; [3] CeHsOCOCH;: 
a. Does the substituent donate or withdraw electron density by an inductive effect? 
b. Does the substituent donate or withdraw electron density by a resonance effect? 
c. On balance, does the substituent make a benzene ring more or less electron rich than benzene itself? 
d. Does the substituent activate or deactivate the benzene ring in electrophilic aromatic substitution? 


18.47 Which benzene ring in each compound is more reactive in electrophilic aromatic substitution? 


18.48 For each N-substituted benzene, predict whether the compound reacts faster than, slower than, or at a similar rate to benzene 
in electrophilic aromatic substitution. Then draw the major product(s) formed when each compound reacts with a general 
electrophile E*. 


a. T \ b. TER c. b j N(CHs)a d. ons \ 


18.49 Explain each statement in detail using resonance structures. 
a. A phenyl group (CgHs—) is an ortho, para director that activates a benzene ring toward electrophilic attack. 
b. A nitroso group (— NO) is an ortho, para director that deactivates a benzene ring toward electrophilic attack. 


18.50 Explain the following observation. Ethyl 3-phenylpropanoate (CgH;CH2,CH2CO2CH2CHs) reacts with electrophiles to afford ortho- 


and para-disubstituted arenes, but ethyl 3-phenyl-2-propenoate (CsH5CH = CHCOzCH2CHs) reacts with electrophiles to afford 
meta-disubstituted arenes. 


18.51 
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Explain why the meta product is formed in the following reaction despite the fact that — N(CHs). is usually an ortho, para 


director. 
N(CHsa)o HNO; N(CH3)2 
H,SO, 


NO; 


18.52 Rank the aryl halides in each group in order of increasing reactivity in nucleophilic aromatic substitution by an addition- 


elimination mechanism. 

a. chlorobenzene, p-fluoronitrobenzene, m-fluoronitrobenzene 

b. 1-fluoro-2,4-dinitrobenzene, 1-fluoro-3,5-dinitrobenzene, 1-fluoro-3,4-dinitrobenzene 
c. 1-fluoro-2,4-dinitrobenzene, 4-chloro-3-nitrotoluene, 4-fluoro-3-nitrotoluene 


18.53 Explain why a methoxy group (CH30) increases the rate of electrophilic aromatic substitution, but decreases the rate of 


nucleophilic aromatic substitution. 


Mechanisms 


18.54 Draw a stepwise mechanism for the following reaction. 


na Pe = j d 
+ oo + + HCl 


18.55 Draw a stepwise, detailed mechanism for the following intramolecular reaction. 


18.56 


18.57 


18.58 


18.59 


OCH; 
$ HsSO, 
; OCH, 
Draw a stepwise, detailed mechanism for the following reaction. 
OH 
CHO: CH;O 
i io + H,0 


Friedel-Crafts alkylation of benzene with (2A)-2-chlorobutane and AlCl affords sec-butylbenzene. 
a. How many stereogenic centers are present in the product? 
b. Would you expect the product to exhibit optical activity? Explain, with reference to the mechanism. 


Draw a stepwise mechanism for the following substitution. Explain why 2-chloropyridine reacts faster than chlorobenzene in this 


type of reaction. 
| S NaOCH, | S w ee 
pa Z 


N CI N OCH; 
2-chloropyridine 


Draw a stepwise mechanism for the following reaction. 


L o m strong base oe 
Cl N 


GH, 
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18.60 Although two products (A and B) are possible when naphthalene undergoes electrophilic aromatic substitution, only A is 
formed. Draw resonance structures for the intermediate carbocation to explain why this is observed. 


E 
tae Lew? y 
a 
naphthalene A B 


This product is formed. This product is not formed. 


18.61 Draw a stepwise mechanism for the following reaction, which is used to prepare the pesticide DDT. 
CCI 
q H2504 L> 
2 cl + Aara = i Cc Cl 
HH” “OC, | 
H 
DDT 


18.62 Benzene undergoes electrophilic aromatic substitution with anhydrides, compounds having the general structure (RCO).0, 
in a reaction that resembles Friedel-Crafts acylation. Draw a stepwise mechanism for the reaction of benzene with glutaric 
anhydride in the presence of AlCl. 


(0) 


1] AICI ae 
O ý Ti. = H O° 
ar es 3 


glutaric anhydride 


18.63 Benzyl bromide ({CsHs5CH2Br) reacts rapidly with CHOH to afford benzyl methyl ether (CseHsCH2OCH3). Draw a stepwise 
mechanism for the reaction, and explain why this 1° alkyl halide reacts rapidly with a weak nucleophile under conditions that 
favor an Sy1 mechanism. Would you expect the para-substituted benzylic halides CH3OCgH,CH2Br and OzNCgH4,CH2Br to each 
be more or less reactive than benzyl bromide in this reaction? Explain your reasoning. 


Synthesis 


18.64 Synthesize each compound from benzene and any other organic or inorganic reagents. 
a. o-butylchlorobenzene 
b. m-bromonitrobenzene 


COOH 
COOH COOH Cl Cl 
c. X d. e. a \-coon f. g. 
SO3H Cl NO, 
NO, SO3H 
18.65 Synthesize each compound from benzene and any other organic or inorganic reagents. 
NH2 NO, 
Br. 
x ` ` E k 
NH3 
Br oO 
CH, 
Br NH2 / 
b: d. 2 ff 
HOOC 
Cl 
NO, (PABA) 


sunscreen component 
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18.66 Synthesize each compound from toluene (CgHs;CH3) and any other organic or inorganic reagents. 
a. CgHsCH2OC(CHs)3 ON 


HN 
b. CsHsCHO d. HOOC NO, í. OM 
OH 
c. COOH e. g: CHO 
Br Oo 


Cl (0) Cl 


18.67 Devise a synthesis of each compound from phenol (CgHsOH) and any other organic or inorganic reagents. 


ZA HN CH3 
OCH, 
a. C. 
CH30 ai CH30 


estragole NH2 
(isolated from basil) 


18.68 Use the reactions in this chapter along with those learned in Chapters 11 and 12 to synthesize each compound. You may use 
benzene, acetylene (HC = CH), two-carbon alcohols, ethylene oxide, and any inorganic reagents. 


OH 
a. CeHsC=CH c. oN—À I} oh;CH;-0=0H e. wÈ PO 
OH 
X 
b. CsHsC = CCH,CH,OH d. O~ f. Ha 


NO, 


18.69 Ibufenac, a para-disubstituted arene with the structure HOsCCH2CgH,CH2CH(CHs)s, is a much more potent analgesic than 
aspirin, but it was never sold commercially because it caused liver toxicity in some clinical trials. Devise a synthesis of ibufenac 
from benzene and organic halides having fewer than five carbons. 


18.70 Carboxylic acid X is an intermediate in the multistep synthesis of proparacaine, a local anesthetic. Devise a synthesis of X from 
phenol and any needed organic or inorganic reagents. 


fo) ọ 
ON HoN ON NCH:CHo)2 


proparacaine 


Spectroscopy 
18.71 Identify the structures of isomers A and B (molecular formula CgHgBr). 


1H NMR of A 1H NMR of B 
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18.72 Propose a structure of compound C (molecular formula C; 9H;20) consistent with the following data. © is partly responsible for 
the odor and flavor of raspberries. 


Compound C: IR absorption at 1717 cm” 


1H NMR of C 


ppm 


18.73 Compound X (molecular formula C;9H;20) was treated with NHzNHp2,-OH to yield compound Y (molecular formula C1oH44)- 
Based on the 'H NMR spectra of X and Y given below, what are the structures of X and Y? 


1H NMR of X 1H NMR of Y 


multiplet multiplet 


i 


ppm ppm 


18.74 Reaction of p-cresol with two equivalents of 2-methyl-1-propene affords BHT, a preservative with molecular formula CysH240. 
BHT gives the following 'H NMR spectral data: 1.4 (singlet, 18 H), 2.27 (singlet, 3 H}, 5.0 (singlet, 1 H), and 7.0 (singlet, 2 H) ppm. 
What is the structure of BHT? Draw a stepwise mechanism illustrating how it is formed. 


CH3 
\ HS0, 
CH3 OH + Pme ——— BHT (C45H240) 
CHa 
p-cresol 2-methyl-1-propene 
(2 equiv) 


Challenge Problems 


18.75 The 'H NMR spectrum of phenol (CsH5OH) shows three absorptions in the aromatic region: 6.70 (2 ortho H’s), 7.14 (2 meta H’s), 
and 6.80 (1 para H) ppm. Explain why the ortho and para absorptions occur at lower chemical shift than the meta absorption. 


18.76 Explain the reactivity and orientation effects observed in each heterocycle. 


SQ E* QE E+ c2 
GEO 0> 


pyridine pyrrole 


a. Pyridine is less reactive than benzene in electrophilic aromatic substitution and yields 3-substituted products. 
b. Pyrrole is more reactive than benzene in electrophilic aromatic substitution and yields 2-substituted products. 


Problems 


18.77 Draw a stepwise, detailed mechanism for the dienone-phenol rearrangement, a reaction that forms alkyl-substituted phenols 


from cyclohexadienones. 
(e; OH 
H2804 


18.78 Draw a stepwise mechanism for the following intramolecular reaction, which is used in the synthesis of the female sex hormone 


estrone. 


O 
S _Lewis - _several 
acid “steps” 
RO orHA RO HO 


estrone 


18.79 The bicyclic heterocycles quinoline and indole undergo electrophilic aromatic substitution to give the products shown. 
(a) Explain why electrophilic substitution occurs on the ring without the N atom for quinoline, but occurs on the ring with the 
N atom in indole. (b) Explain why electrophilic substitution occurs more readily at C8 than C7 in quinoline. (c) Explain why 
electrophilic substitution occurs more readily at C3 rather than C2 of indole. 


NT 
Br 


3 
B 
OQS PEELS Ņ\ + HBr 
N N 
H H 


indole 


18.80 Devise a stepwise mechanism for the following reaction. The reaction does not take place by direct electrophilic aromatic 
substitution at C2. (Hint: The mechanism begins with addition of an electrophile at C3.) 


c3 
OH 
\ is, N 
oom 
N N 
H H 


19,1 
19.2 
19.3 
19.4 
19.5 


19.6 


19.7 


19.8 


19.9 


19.10 


19.11 
19.12 
19.13 
19.14 
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Structure and bonding 
Nomenclature 

Physical properties 
Spectroscopic properties 


Interesting carboxylic 
acids 


Aspirin, arachidonic acid, 
and prostaglandins 


Preparation of carboxylic 
acids 


Reactions of carboxylic 
acids—General features 


Carboxylic acids—Strong 
organic Bronsted—Lowry 
acids 


Inductive effects in 
aliphatic carboxylic acids 
Substituted benzoic acids 
Extraction 

Sulfonic acids 

Amino acids 


Carboxylic Acids and the Acidity 
of the O-H Bond 


Hexanoic acid is a low molecular weight carboxylic acid with the foul odor associated with 
dirty socks and locker rooms. Its common name, caproic acid, is derived from the Latin word 
caper, meaning “goat.” The fleshy coat of ginkgo seeds contains hexanoic acid, giving the seeds 
an unpleasant and even repulsive odor. It is likely that this foul odor served as an attractant for 
seed dispersal at some time during the 280 million years that Ginkgo biloba has existed on earth. 
Since only female ginkgo trees produce seeds, male trees, which are propagated by cuttings 
and grafts, are generally planted by landscapers in the United States. In Chapter 19 we learn 
about the properties of hexanoic acid and other carboxylic acids. 


19.1 


The word carboxy (for a COOH 
group) is derived from carbony| 
(C=O) + hydroxy (OH). 


Figure 19.1 


Electrostatic potential plot of 
acetic acid (CHCOOH) 
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Chapter 19 serves as a transition between the preceding discussion of resonance and 
aromaticity, and the subsequent treatment of carbonyl chemistry. We pause to study the chemis- 
try of the OH group by examining carboxylic acids (RCOOH), and to a lesser extent, phenols 
(PhOH) and alcohols (ROH). 


In Chapter 19 we concentrate on the acidity of carboxylic acids, and revisit some of the factors 
that determine acidity, a topic first discussed in Chapter 2. Then, in Chapters 20 and 22 we will 
learn other reactions of carboxylic acids that occur at the carbonyl group. 


Structure and Bonding 


Carboxylic acids are organic compounds containing a carboxy group (COOH). Although 
the structure of a carboxylic acid is often abbreviated as RCOOH or RCO2H, keep in mind that 
the central carbon atom of the functional group is doubly bonded to one oxygen atom and singly 
bonded to another. 


:0: 
l 


C... 
Re ‘OH 


carboxylic acid carboxy group 


The carbon atom of a carboxy group is surrounded by three groups, making it sp” hybridized 
and trigonal planar, with bond angles of approximately 120°. The C=O of a carboxylic acid is 
shorter than its C—O. 


sp? hybridized o T pm The C=0 is shorter 
136 
sl wt pm than the C—O. 
C H = 


CH; ~O~ RS 
acetic acid @ 119° 


The C—O single bond of a carboxylic acid is shorter than the C—O single bond of an alcohol. 
This can be explained by looking at the hybridization of the respective carbon atoms. In the alco- 
hol, the carbon is sp’ hybridized, whereas in the carboxylic acid the carbon is sp” hybridized. As 
a result, the higher percent s-character in the sp? hybrid orbital shortens the C—O bond in the 
carboxylic acid. 


143 pm 
9 P pm 
C H O. 
CH; j `o” CH; `H 
sp? hybridized sp? hybridized 
33% s-character 25% s-character 


higher percent s-character lower percent s-character 
shorter bond longer bond 


Because oxygen is more electronegative than either carbon or hydrogen, the C-O and O-H 
bonds are polar. The electrostatic potential plot of acetic acid in Figure 19.1 shows that the 
carbon and hydrogen atoms are electron poor and the oxygen atoms are electron rich. 


acetic acid 


Acetic acid contains two electron-rich oxygen atoms (in red). Its carbonyl carbon and hydroxy 
hydrogen are both electron deficient. 
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19.2 Nomenclature 


Both IUPAC and common names are used for carboxylic acids. 


19.2A IUPAC System 


In IUPAC nomenclature, carboxylic acids are identified by a suffix added to the parent name of 
the longest chain, and two different endings are used depending on whether the carboxy group 
is bonded to a chain or ring. 


To name a carboxylic acid using the IUPAC system: 


[1] If the COOH is bonded to a chain of carbons, find the longest chain containing the COOH 
group, and change the -e ending of the parent alkane to the suffix -oic acid. If the COOH 
group is bonded to a ring, name the ring and add the words carboxylic acid. 


[2] Number the carbon chain or ring to put the COOH group at C1, but omit this number from 
the name. Apply all of the other usual rules of nomenclature. 


Sample Problem 19.1 Give the IUPAC name of each compound. 


CH 
i CH 
a. CHs—CH—CH—CH,CH,COOH fe CH3 
i CH; 
CH, 
COOH 
Solution 
a. [1] Find and name the longest chain [2] Number and name the substituents: 
containing COOH: 
Gt o oe 
T = 
| CHy~CH—CH—CH,CH,—C | CHa GH—-CH—CH,CH,—@ 
CH; OH l CHs OH 
C5 C1 


hexane hexanole acid two methyl substituents on C4 and C5 


(6 C’s) 
The COOH contributes Answer: 4,5-dimethylhexanoic acid 
one C to the longest chain. 
b. [1] Find and name the ring bonded to [2] Number and name the substituents: 
COOH. 
C5 
C2 
CH, CHa ra 
CH3 CH3 
CHg CH3 
COOH Fi COOH 


Number to put COOH at C1 and give the second 


gyclohexane:® carboxylic acid substituent (CH3) the lower number (C2). 


(6 C’s) 
Answer: 2,5,5-trimethylcyclohexanecarboxylic acid 

Broblem 19.1 Give the IUPAC name for each compound. (6) 

a. CH3CHzCH2C(CH3)2CH2COOH d. OH 

b. CH3CH(CI)CH:CH:-COOH 

c. (CH3CH2)2CHCH2CH(CH2CH3)COOH 
Problems 19,2 Give the structure corresponding to each IUPAC name. 

a. 2-bromobutanoic acid d. 2-sec-butyl-4,4-diethylnonanoic acid 

b, 2,3-dimethylpentanoic acid e. 3,4-diethylcyclohexanecarboxylic acid 


c. 3,3,4-trimethylheptanoic acid f. 1-isopropylcyclobutanecarboxylic acid 


19.2B 
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Common Names 


Most simple carboxylic acids have common names that are more widely used than their IUPAC 
names. 


e A common name is formed by using a common parent name followed by the suffix 
-ic acid. 


Table 19.1 lists common parent names for some simple carboxylic acids. These parent names are 
used in the nomenclature of many other compounds with carbonyl groups (Chapters 21 and 22). 


Greek letters are used to designate the location of substituents in common names. 


e The carbon adjacent to the COOH is called the a carbon. 
e The carbon bonded to the a carbon is the B carbon, followed by the y (gamma) carbon, 
—-—the-6-(delta).carbon,-and-so-forth-down the.chain. The last carbon in the chain is 
sometimes called the Q (omega) carbon. 


Table 19.1 Common Names for Some Simple Carboxylic Acids | 
Number of C atoms Structure Parent name Common name 
| © 
1 é form- formic acid 
4 
| H OH 
ier: 
2 | ye acet- acetic acid 
CH3 JOH 
| fe) 
1l g — . 
3 x propion- propionic acid 
| CHCH; JOH 
| ? 
4 | C butyr- butyric acid 
| CH3CHCH3 JOH 
5 valer- valeric acid 
| g| 
6 C capro- caproic acid 


| CH,CH2CH,CH,CH3 


Cy OH benzo- benzoic acid 
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Problem 19.3 


19.2C 


Problem 19.4 


Problem 19.5 


Figure 19.2 


Naming the metal salts of 
carboxylate anions 


The o carbon in the common system is numbered C2 in the IUPAC system. 


IUPAC system: Start numbering here. 


Common system: Start lettering here. 


Draw the structure corresponding to each common name: 


a. a-methoxyvaleric acid c. o,B-dimethylcaproic acid 
b. B-phenylpropionic acid d. a-chloro-B-methylbutyric acid 


Other Nomenclature Facts 


Many compounds containing two carboxy groups are also known. In the IUPAC system, diacids 
are named by adding the suffix -dioic acid to the name of the parent alkane. The three simplest 
diacids are most often identified by their common names, as shown. 


Q o o 9 ° 
\—d ape H HO Aon 
HO OH 2 
0 
oxalic acid malonic acid succinic acid 
(ethanedioic acid) (propanedioic acid) (butanedioic acid) 


Metal salts of carboxylate anions are formed from carboxylic acids in many reactions in Chapter 
19. To name the metal salt of a carboxylate anion, change the -ic acid ending of the carboxylic 
acid to the suffix -ate and put three parts together: 


| name of the metal cation | + | parent F | suffix 


common 


or -ate 
IUPAC 


Two examples are shown in Figure 19.2. 


Give the IUPAC name for each metal salt of a carboxylate anion: (a) CgHsCO. Li*; (b) HCO. Na*; 
(c) (CH3)z,CHCOz” K*; (d) (CHgCH2)2CHCHsCH(Br)CH2CH2CO, Na’. 


Depakote, a drug used to treat seizures and bipolar disorder, consists of a mixture of valproic acid 
[(CHgCHsCHz)>CHCO-H] and its sodium salt. Give IUPAC names for each of these compounds. 


o sodium cation o potassium cation 
i; é 

CH; `O" Nat CHCH% `O K* 

parent + suffix parent + suffix 

acet- -ate propano- -ate 


sodium acetate potassium propanoate 
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19.3 Physical Properties 


Carboxylic acids exhibit dipole-dipole interactions because they have polar C-O and O-H 
bonds. They also exhibit intermolecular hydrogen bonding because they possess a hydrogen 
atom bonded to an electronegative oxygen atom. Carboxylic acids often exist as dimers, held 
together by two intermolecular hydrogen bonds between the carbonyl oxygen atom of one mol- 
ecule and the OH hydrogen atom of another molecule (Figure 19.3). Carboxylic acids are the 
most polar organic compounds we have studied so far. 


Two molecules of acetic acid 
(CH3COOH) held together by 


Figure 19.3 | hydrogen bond | 


~-a- -@ 3 H 
two hydrogen bonds H, p \ ý a SoH 
i oe O = pe 
H OH ~ Ihos o H 


akiki 


hydrogen bond 


How these intermolecular forces affect the physical properties of carboxylic acids is summarized 
in Table 19.2. 


Table 19.2 Physical Properties of Carboxylic Acids | 


Property Observation 


Boiling point and melting point e Carboxylic acids have higher boiling points and melting points than other compounds of 
comparable molecular weight. 


CH,CH,CH,CH, CHgCH,CHO CH sCH,CH,OH CH,COOH 
VOW VDW, DD VDW, DD, HB | VDW, DD, two HB 


MW = 58 MW = 58 MW = 60 MW = 60 
bp 0°C bp 48 °C bp 97 °C bp 118 °C 
Increasing strength of intermolecular forces 
Increasing boiling point 
Solubility e Carboxylic acids are soluble in organic solvents regardless of size. 


e Carboxylic acids having < 5 C’s are water soluble because they can hydrogen bond with 
H20 (Section 3.40). 


e Carboxylic acids having > 5 C’s are water insoluble because the nonpolar alkyl portion is 
too large to dissolve in the polar H20 solvent. These “fatty” acids dissolve in a nonpolar 
fat-like environment but do not dissolve in water. 


Key: VDW = van der Waals, DD = dipole-dipole, HB = hydrogen bonding, MW = molecular weight 


Problem 19.6 Rank the following compounds in order of increasing boiling point. Which compound is the most 
water soluble? Which compound is the least water soluble? 


CHCOOH COOCH; CH,CH,CH,OH 
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19.4 


Fiqure 19.4 
The IR spectrum of butanoic 
acid, CH3CH2,CHzCOOH 


Sometimes the OH absorption 
of a carboxylic acid is very 
broad, so that it is almost 
buried in the baseline of the 
1H NMR spectrum, making it 
difficult to see (Figure 19.5). 


Spectroscopic Properties 


Carboxylic acids have very characteristic IR and NMR absorptions. In the IR, carboxylic acids 
show two strong absorptions. 


e The C=O group absorbs at about 1710 cm“, in the usual region for a carbonyl. 


e The O-H absorption occurs from 2500-3500 cm™. This very broad absorption sometimes 
obscures the C—H peak at 3000 em”. 


The IR spectrum of butanoic acid in Figure 19.4 illustrates these characteristic peaks. 


CH,CH,CH; `OH 


% Transmittance 


4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm™') 
e A strong C=O absorption occurs at 1712 cm”. 
e The broad O-H absorption (2500-3500 cm’) nearly obscures the C-H peak at ~3000 cm”’. 


Carboxylic acids have two noteworthy 'H NMR absorptions and one noteworthy °C NMR 
absorption. 


e The highly deshielded OH proton absorbs in the 'H NMR spectrum somewhere 
between 10 and 12 ppm, farther downfield than all other absorptions of common organic 
compounds. Like the OH signal of an alcohol, the exact location depends on the degree of 
hydrogen bonding and the concentration of the sample. 

e The protons on the a carbon to the carboxy group are somewhat deshielded, absorbing at 
2-2.5 ppm. 

e In the PC NMR spectrum, the carbonyl absorption is highly deshielded, appearing at 
170-210 ppm. 


Figure 19.5 illustrates the 'H and C NMR spectra of propanoic acid. 


Explain how you could use IR spectroscopy to distinguish among the following three compounds. 


Q 9 on 
C C 
CH,CH,CH,CH3 `OH CH3CH2CH,CH3 ~OCH, 9 


Identify the structure of a compound of molecular formula C4H0; that gives the following 'H NMR 
data: 0.95 (triplet, 3 H), 1.65 (multiplet, 2 H), 2.30 (triplet, 2 H), and 11.8 (singlet, 1 H} ppm. 
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Figure 19.5 
The 'H and 1°C NMR spectra of propanoic acid 


1H NMR spectrum 


1 Ha 
CHCH COOH 
a Gi 
Ha Hp He Hp 


13C NMR spectrum 


CH3CH,COOH 
fen 
Ca Cy Ce 


The OH proton is highly deshielded. The carbon of the C=O is highly deshielded. | 


e 1H NMR spectrum: There are three signals due to three different kinds of H atoms. The H, and H, signals are split into a triplet and 
quartet, respectively, but the H, signal is a singlet. 
e 18C NMR spectrum: There are three signals due to three different kinds of carbon atoms. 


19.5 Interesting Carboxylic Acids 


@ Several simple carboxylic acids have characteristic odors and flavors. 
"d g e Formic acid (HCOOH), a carboxylic acid with an acrid odor and a biting taste, is 
responsible for the sting of some types of ants. The name is derived from the Latin word 
formic acid formica, meaning “ant.” 
? e Acetic acid (CHCOOH) is the sour-tasting component of vinegar. The name comes from 
à è e” the Latin acetum, meaning “vinegar.” The air oxidation of ethanol to acetic acid is the 
oe g process that makes “bad” wine taste sour. Acetic acid is an industrial starting material 
a for polymers used in paints and adhesives. Pure acetic acid is often called glacial acetic 
acetic acid acid, because it freezes just below room temperature (mp = 17 °C), forming white crystals 
reminiscent of the ice in a glacier. 
d 
á e I y e Butanoic acid (CH;CH,CH2,COOH) is an oxidation product that contributes to the 
a g © disagreeable smell of body odor. Its common name, butyric acid, is derived from the Latin 
a od word butyrum, meaning “butter,” because butyric acid gives rancid butter its peculiar odor 
butanoic acid and taste. 


Oxalic acid and lactic acid are simple carboxylic acids quite prevalent in nature. Oxalic acid 
occurs naturally in spinach and rhubarb. Lactic acid gives sour milk its distinctive taste. 


9 ? ph - 

C._LOH @ C, „OH d 

HO“ kg = 0 e m - CH3 `œ = “er ara 4 
er é > Í 

oxalic acid lactic acid 


Although oxalic acid is toxic, 
you would have to eat about 
nine pounds of spinach at one 
time to ingest a fatal dose. 
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4-Hydroxybutanoic acid, known by its common name y-hydroxybutyric acid (GHB), is an illegal 
recreational drug that depresses the central nervous system and results in intoxication. GHB is 
highly addictive and widely abused, and because its taste can be easily masked in an alcoholic 
beverage, it has been used as a “date rape” drug. 


Ọ r ‘ 
Ho A Ho = A e. ‘eo 
2? 42 


4-hydroxybutanoic acid 
GHB 


Salts of carboxylic acids are commonly used as preservatives. Sodium benzoate, a fungal 
growth inhibitor, is a preservative used in soft drinks, and potassium sorbate is an additive that 
prolongs the shelf-life of baked goods and other foods. 


— fe) (6) 
Soaps, the sodium salts of 4 phates 
fatty acids, were discussed in “Or Nat a O` K* 
Section 3.6. 

sodium benzoate potassium sorbate 


19.6 Aspirin, Arachidonic Acid, and Prostaglandins 


Recall from Chapter 2 that aspirin (acetylsalicylic acid) is a synthetic carboxylic acid, similar 
in structure to salicin, a naturally occurring compound isolated from willow bark, and salicylic 
acid, found in meadowsweet. 


(0) 0 O 
i i i 
X “OH Cr X `OH X 50- Nat 
Q (0) OH OH 
C 
0” “CH, = O 
OH salicylic acid sodium salicylate 
aspirin HO (isolated from (sweet carboxylate salt) 
(acetylsalicylic acid) a meadowsweet) 
salicin 
(isolated from 
willow bark 
The word aspirin is derived ) 
from the prefix a- for acetyl + Both salicylic acid and sodium salicylate (its sodium salt) were widely used analgesics in the nine- 
spir from the Latin name spirea teenth century, but both had undesirable side effects. Salicylic acid irritated the mucous membranes 
for the meadowsweet plant. of the mouth and stomach, and sodium salicylate was too sweet for most patients. Aspirin, a synthetic 


compound, was first sold in 1899 after Felix Hoffman, a German chemist at Bayer Company, devel- 
oped a feasible commercial synthesis. Hoffman’s work was motivated by personal reasons; his father 
suffered from rheumatoid arthritis and was unable to tolerate the sweet taste of sodium salicylate. 


How does aspirin relieve pain and reduce inflammation? Aspirin blocks the synthesis of prosta- 
glandins, 20-carbon fatty acids with a five-membered ring that are responsible for pain, inflam- 
mation, and a wide variety of other biological functions. PGF ,, contains the typical carbon 
skeleton of a prostaglandin. 


Aspirin is the most widely 
used pain reliever and anti- 
inflammatory agent in the 
world, yet its mechanism of 
action remained unknown 
until the 1970s. John Vane, 
Bengt Samuelsson, and Sune 
Bergstrom shared the 1982 
Nobel Prize in Physiology or 
Medicine for unraveling the 
details of its mechanism. 


arachidonic acid 


— C5H4 
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PGFo, 
a prostaglandin 


Prostaglandins are not stored in cells. Rather they are synthesized from arachidonic acid, a poly- 
unsaturated fatty acid having four cis double bonds. Unlike hormones, which are transported 
in the bloodstream to their sites of action, prostaglandins act where they are synthesized. Aspi- 
rin acts by blocking the synthesis of prostaglandins from arachidonic acid. Aspirin inactivates 
cyclooxygenase, an enzyme that converts arachidonic acid to PGG», an unstable precursor of 
PGF,,, and other prostaglandins. Aspirin lessens pain and decreases inflammation because 
it prevents the synthesis of prostaglandins, the compounds responsible for both of these 
physiological responses. 


Aspirin acts here. 


HO 
= T: a p= c00H 
— 
cyclo- |On AN \ A 
oxygenase = = š 
OOH HO OH 


PGG, 
unstable intermediate 


PGFay, 
and other prostaglandins 


Although prostaglandins have a wide range of biological activity, their inherent instability often 
limits their usefulness as drugs. Consequently, more stable analogues with useful medicinal 
properties have been synthesized. For example, latanoprost (trade name Xalatan) and bimato- 
prost (trade name Lumigan) are prostaglandin analogues used to reduce eye pressure in individu- 
als with glaucoma. 


latanoprost bimatoprost 


Problem 19.9 How many tetrahedral stereogenic centers does PGF., contain? Draw its enantiomer. How many 


of its double bonds can exhibit cis-trans isomerism? Considering both its double bonds and its 
tetrahedral stereogenic centers, how many stereoisomers are possible for PGF2,? 
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[2] 


Preparation of Carboxylic Acids 


Our discussion of the reactions involving carboxylic acids begins with a brief list of reactions 
that synthesize them. This list serves as a reminder of where you have seen this functional group 
before. In these reactions, the carboxy group is formed in the product, and many different func- 
tional groups serve as starting materials. Reactions that produce a particular functional group are 
called preparations. 


In the remainder of Chapter 19 (and Chapters 20 and 22) we discuss reactions in which a carbox- 
ylic acid is a starting material that may be converted to a variety of different products. Keep in 
mind that reactions of a particular functional group follow a common theme. For example, 
alkenes undergo addition reactions. As a result, these reactions are easier to learn than the list of 
preparations, in which vastly different functional groups undergo a wide variety of reactions to 
form the same kind of product. 


Where have we encountered carboxylic acids as reaction products before? The carbonyl carbon 
is highly oxidized, because it has three C—O bonds, so carboxylic acids are typically prepared 
by oxidation reactions. Three oxidation methods are summarized below. Two other useful 
methods to prepare carboxylic acids are presented in Chapter 20. 


By oxidation of 1° alcohols (Section 12.1 2B) 


1° Alcohols are converted to carboxylic acids with NayCr,07, K»Cr207, or CrO; in the presence 


of H,O and H,S0,. 
| 1° alcohol 


H 

| K2Cr207 Q 
R-C—OH i pos 

1 H2804, H2O R4 OH 


f 


Both C—H bonds are replaced by C—O bonds. 


By oxidation of alkyl benzenes (Section 18.15A) 


Alkyl benzenes having at least one benzylic C— H bond are oxidized with KMnO; to benzoic acid. 


(@) 
CHa CHR CHR, ome 
OF OF OF =O 


| There must be at least one benzylic C—H bond. | 


Benzoic acid is always the product regardless of the alkyl benzene used as starting material. 


By oxidative cleavage of alkynes (Section 12.11) 


Both internal and terminal alkynes are oxidatively cleaved with ozone to give carboxylic acids. 


[1] Og R P 
R-c=c-" — o> b=0 + ox 
[2]HO ë ho OH 
R-C=C—H we he Oo + cœ 
—C=6— —  — o 1 = 2 
[2] HzO i 


With internal alkynes two carboxylic acids are formed as products. With terminal alkynes, the sp 
hybridized C-H bond is converted to CO}. 
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Probiem 19.10 What alcohol can be oxidized to each carboxylic acid? 


(0) 
a. PPP yy b. (CH,)sCHCOOH G: (ooon 


Problem 19.11 Identify A-D in the following reactions. 


NasCre0: KMnO 
a A me € \ ooon c. © ——+ on coor 
H3SO4, HzO 
fo) 
[1] 0 CrO 
—— > CHCOOH 4 2 adhe cilia 
[2] HzO COH 


(2 equiv) H2804, H2O 


19.8 Reactions of Carboxylic Acids—General Features 


The polar C—O and O-H bonds, nonbonded electron pairs on oxygen, and the m bond give a 
carboxylic acid many reactive sites, complicating its chemistry somewhat. By far, the most 
important reactive feature of a carboxylic acid is its polar O-H bond, which is readily 
cleaved with base. 


» Carboxylic acids react as Brønsted-Lowry acids —that is, as proton donors. 


aad 6: 6: 
A Brønsted-Lowry ff ? 4 
| acid-base reaction | R-G A + B > R-Q_ + H-B* 
:O-H :0: 
polar O—H bond 


Much of the rest of Chapter 19 is devoted to the acidity of carboxylic acids, as well as some 
related acid-base reactions. Two other structural features are less important in the reactions of 
carboxylic acids, but they play a role in the reactions of Chapters 20 and 22. 


The nonbonded electron pairs on oxygen create electron-rich sites that can be protonated 
by strong acids (H-A). Protonation occurs at the carbonyl oxygen because the resulting conju- 
gate acid is resonance stabilized (Possibility [1]). The product of protonation of the OH group 
(Possibility [2]) cannot be resonance stabilized. As a result, carboxylic acids are weakly 
basic—they react with strong acids by protonation of the carbonyl oxygen. This reaction 
plays an important role in several mechanisms in Chapter 22. 


preferred pathway 


Í + oe os 
Possibility [1] ORS | 30H :OH :OH 
i = | il Il | | „À= 
Protonation of the C=0 Eea HA —— Goun ~ ay SH a? sai + 3A 
+ 


R OH R OH R*@OH 


Possibility [2] | :0: 103 
Protonation of the OH group I + A 
Foe pS — o aab A 


not resonance stabilized 
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Finally, the polar C—O bonds make the carboxy carbon electrophilic, so carboxylic acids react 
with nucleophiles. Nucleophilic attack occurs at an sp* hybridized carbon atom, so it results in 
the cleavage of the 7 bond, as well. This reaction is also discussed in Chapter 22. 


ò oo 
Nucleophilic attack at :0: 0 
the carboxy carbon | “a+ Nu Nu 
R” t OH | 


electrophilic carbon 


19.9 Carboxylic Acids—Strong Organic Br@nsted-Lowry Acids 


Recall from Section 2.3 
that the lower the pK,, the 
stronger the acid. 


Carboxylic acids are strong organic acids, and as such, readily react with Brgnsted—Lowry bases 
to form carboxylate anions. 


"General acid-base 2: 2 
reaction a) a ‘Bi = ae +  H-Bt 


carboxylate anion 


What bases are used to deprotonate a carboxylic acid? As we learned in Section 2.3, equilibrium 
favors the products of an acid-base reaction when the weaker base and acid are formed. Because 
a weaker acid has a higher pK,, the following general rule results: 


e An acid can be deprotonated by a base that has a conjugate acid with a higher pKa- 


Because the pK, values of many carboxylic acids are ~5, bases that have conjugate acids with 
pK, values higher than 5 are strong enough to deprotonate them. Thus, acetic acid (pK, = 4.8) 
and benzoic acid (pK, = 4.2) can be deprotonated with NaOH and NaHCO;, as shown in the fol- 
lowing equations. 


T ð: Sy po i 
| Examples CH- É + Nat* ‘OH ————* CHÉ + H20: 
\ X 


ides ates :Q: Nat weaker acid 
acetic acid Pare 
stronger acid 
pk, = 4.8 
Ë ; po 
/ \-4 *) il { \-< + HCO 
i base :Q: Nat 
benzoic acid weaker acid 
pK, = 6.4 


stronger acid 
pKa = 4.2 


Table 19.3 lists common bases that can be used to deprotonate carboxylic acids. It is noteworthy 
that even a weak base like NaHCO; is strong enough to remove a proton from RCOOH. 


Section 2.5C. 


How resonance affects 
acidity was first discussed in 


gp SP A > The (-) is delocalized 
CHg-G ——> CHG —— CHQ CHs—Q over 2 O's. 
(0-H Zor Q: Q: : 


19.9 Carboxylic Acids—Strong Organic Bronsted-Lowry Acids 731 


Table 19.3 Common Bases Used to Deprotonate Carboxylic Acids — | 


Base Conjugate acid (pK,) 
Na* HCO,” H2C0; (6.4) 

NH3 NH,* (9.4) 

NaCO; HCO; (10.2) 

Na* “OCH; CH3OH (15.5) 

Na* “OH H20 (15.7) 

Na* “OCH2CH3 CH3CH20H (16) 

Na* H7 H2 (35) 


Why are carboxylic acids such strong organic acids? Remember that a strong acid has a weak, 
stabilized conjugate base. Deprotonation of a carboxylic acid forms a resonance-stabilized 
conjugate base—a carboxylate anion. For example, two equivalent resonance structures can be 
drawn for acetate (the conjugate base of acetic acid), both of which place a negative charge on 
an electronegative O atom. In the resonance hybrid, therefore, the negative charge is delocalized 
over two oxygen atoms. 


7 zo 
4 


= 


acetic acid two resonance structures for acetate, hybrid 


the conjugate base 


Experimental data support this resonance description of acetate. The acetate anion has two C-O 
bonds of equal length (127 pm) and intermediate between the length of a C—O single bond 
(136 pm) and C=O (121 pm). 

.. om 

0: 


Le 
CHy-G > 127 pm 


Me 
acetate hybrid 

Resonance stabilization accounts for why carboxylic acids are more acidic than other com- 

pounds with O-H bonds—namely, alcohols and phenols. For example, the pK, values of 

ethanol (CH3;CH,OH) and phenol (C,H;OH) are’ 16 and 10, respectively, both higher than the 

pK, of acetic acid (4.8). 


O 


OH 4 
CH;-C 
CH3CH,OH O-H 


ethanol phenol acetic acid 
pK, = 16 pk, = 10 pk, = 4.8 


_ Increasing acidity 
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The resonance hybrid of 
phenoxide illustrates that its 
negative charge is dispersed 
over four atoms—three C 
atoms and one O atom. 


Figure 19.6 

The relative energies 

of the five resonance 
structures for phenoxide 
and its hybrid 


OO OE TE 


phenol 1 2 3 4 5 


To understand the relative acidity of ethanol, phenol, and acetic acid, we must compare the stabil- 
ity of their conjugate bases and use the following rule: 


e Anything that stabilizes a conjugate base A7 makes the starting acid H- A more acidic. 
Ethoxide, the conjugate base of ethanol, bears a negative charge on an oxygen atom, but there 


are no additional factors to further stabilize the anion. Because ethoxide is less stable than ace- 
tate, ethanol is a weaker acid than acetic acid. 


CHCH: no additional resonance stabilization | 


CHCH ÖH 
ethanol ethoxide 


Like acetate, phenoxide (C6H5;07, the conjugate base of phenol) is also resonance stabilized. 
In the case of phenoxide, however, there are five resonance structures that disperse the negative 
charge over a total of four different atoms (three different carbons and the oxygen). 


| Phenoxide, the conjugate base | 


Five resonance structures delocalize the negative charge over four atoms. 


Phenoxide is more stable than ethoxide, but less stable than acetate, because acetate has 
two electronegative oxygen atoms upon which to delocalize the negative charge, whereas 
phenoxide has only one. Additionally, phenoxide resonance structures 2-4 have the negative 
charge on a carbon, a less electronegative element than oxygen. As a result, structures 2-4 are 
less stable than structures 1 and 5, which have the negative charge on oxygen. 


Moreover, resonance structures 1 and 5 have intact aromatic rings, whereas structures 2—4 do not. 
This, too, makes structures 2—4 less stable than 1 and 5. Figure 19.6 summarizes this information 
about phenoxide by displaying the approximate relative energies of its five resonance structures 
and its hybrid. 


As a result, resonance stabilization of the conjugate base is important in determining acidity, but 
the absolute number of resonance structures alone is not what’s important. We must evaluate 
their relative contributions to predict the relative stability of the conjugate bases. 


2 3 4 _ minor contributors to 
~——_ the resonance hybrid — 
_ (higher in energy) 


ci g hybrid 
_ lowest in energy 
[r ne -_ to | x & 


| the resonance hybrid 
(lower in energy) 


I 


Keep in mind that although 
carboxylic acids are strong 
organic acids, they are still 
much weaker than strong 
inorganic acids like HCI 
and H2SO,, which have pK, 
values < 0. 


Figure 19.7 

Summary: The relationship 
between acidity and conjugate 
base stability for acetic acid, 
phenol, and ethanol 


Problem 19.12 
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e Because of their O-H bond, RCOOH, ROH, and C,H,OH are more acidic than most 
organic hydrocarbons. 


e A carboxylic acid is a stronger acid than an alcohol or phenol because its conjugate 
base is most effectively resonance stabilized. 


The relationship between acidity and stability of the conjugate base is summarized for acetic acid, 
phenol, and ethanol in Figure 19.7. 


as OH a 
CHs-@ CH3CH2QH 
:0-H 
acetic acid phenol ethanol 
pk, = 4.8 pk, = 10 pk, = 16 


most acidic | least acidic | 
[= | | 


PN Ö: 
f' 7 i 
CHa=Q E CH3CH,0: 
:0: 


7 


acetate phenoxide ethoxide 
[+ one more resonance structure] [+ four more resonance structures) [no additional resonance 
structures] 
_ most stable © _ least stable 


Increasing stability of the conjugate base 


¢ Acetate is the most stable conjugate base because it has two equivalent resonance structures, 
both of which place a negative charge on an O atom. 

e Phenoxide has only one O atom to accept the negative charge. The two resonance structures 
that contain an intact aromatic ring and place a negative charge on an O atom are major 
contributors to the hybrid. Resonance stabilizes phenoxide but not as much as resonance 
stabilizes acetate. 

e Ethoxide is the least stable conjugate base because it has no additional resonance 
stabilization. 


Because alcohols and phenols are weaker acids than carboxylic acids, stronger bases are needed 
to deprotonate them. To deprotonate CsH;OH (pK, = 10), a base whose conjugate acid has a 
pK, > 10 is needed. Thus, of the bases listed in Table 19.3, NaOCH;, NaOH, NaOCH,CHs3, and 
NaH are strong enough. To deprotonate CH;CH,OH (pK, = 16), only NaH is strong enough. 


Draw the products of each acid-base reaction. 
CH3 


NaOH i NaH 
a. (coo = c. CHy~C-OH l 
CHa 
NaOCH, NaHCO, 
b. CH OH ——-—> d. COOH —— =. 
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Problem 19.13 


Problem 19.14 


19.10 


We first learned about 
inductive effects and acidity 
in Section 2.5B. 
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Given the pK, values in Appendix A, which of the following bases are strong enough to 
deprotonate CHCOOH: (a) F~; (b) (CH3)3CO°; (c) CH3 3 (d) “NH3; (e) Cl? 


Rank the labeled protons (H,-H,) in mandelic acid, a naturally occurring carboxylic acid in plums 
and peaches, in order of increasing acidity. Explain in detail why you chose this order. 


Ha H, OH, 


mandelic acid 


Inductive Effects in Aliphatic Carboxylic Acids 


The pK, of a carboxylic acid is affected by nearby groups that inductively donate or withdraw 
electron density. 


e Electron-withdrawing groups stabilize a conjugate base, making a carboxylic acid more 
acidic. 

e Electron-donating groups destabilize the conjugate base, making a carboxylic acid less 
acidic. 


The relative acidity of CH; COOH, CICH,COOH, and (CH3)3CCOOH illustrates these principles 
in the following equations. 


COMTI creasing aciaity 


pb 6: CHa 6: 
if VA 4 
Cl-CH,— CH3—Q CH3;—C—C 
0-H Q-H GH, 0-H 
2-chloroacetic acid acetic acid 2,2-dimethylpropanoic acid 
pK, = 2.8 pk, = 4.8 pK, = 5.1 
| most acidic least acidic 
|8 |: | 
6: 6: CH; 6: 
la P 1 [f 6 
CI-—CH,—C CH3—C CH3—=C—C 
“t lor :O: { L O 
S S CH3 


most stable 


e CICH,COOH is more acidic (pK, = 2.8) than CHCOOH (pK, = 4.8) because its conjugate 
base is stabilized by the electron-withdrawing inductive effect of the electronegative Cl. 


e (CH3)3;CCOOH is less acidic (pK, = 5.1) than CHCOOH because the three polarizable CH3 
groups donate electron density and destabilize the conjugate base. 
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The number, electronegativity, and location of substituents also affect acidity. 


e The larger the number of electronegative substituents, the stronger the acid. 


CICH;—COOH Clp>CH-COOH ClyC—COOH 
pK, =2.8 pK, = 1.3 pK, = 0.9 


Increasing acidity 
Increasing number of electronegative CI atoms 


e The more electronegative the substituent, the stronger the acid. 


CICH,—COOH FCH,—COOH | F is more electronegative than CI. 


pk, = 2.8 pK, = 2.6 


stronger acid 


e The closer the electron-withdrawing group to the COOH, the stronger the acid. 


Cl Cl 
I l 
CICH CHCH COOH CH3CHCHCOOH CHCH CHCOOH 
4-chlorobutanoic acid 3-chlorobutanoic acid 2-chlorobutanoic acid 
pk, = 4.5 pKa=4.1 pKa=2.9 


Increasing acidity 
Increasing proximity of CI to COOH 


Problem 19.15 Match each of the following pK, values (3.2, 4.9, and 0.2) to the appropriate carboxylic acid: 
(a) CH4CH2COOH; (b) CF3COOH; (c) ICHsCOOH. 


Problem 19.16 Rank the compounds in each group in order of increasing acidity. 
a. CHCOOH, HSCHs,COOH, HOCH;,COOH b. ICH,COOH, I CHCOOH, ICHsCH,COOH 


19.11 Substituted Benzoic Acids 


Recall from Chapter 18 that substituents on a benzene ring either donate or withdraw electron 
density, depending on the balance of their inductive and resonance effects. These same effects 
also determine the acidity of substituted benzoic acids. There are two rules to keep in mind. 


Rule [1] Electron-donor groups destabilize a conjugate base, making an acid less acidic. 


An electron-donor group destabilizes a conjugate base by donating electron density onto a 
negatively charged carboxylate anion. A benzoic acid substituted by an electron-donor group has 
a higher pK, than benzoic acid (pK, = 4.2). 


| D = Electron-donor. group | 


This acid is less acidic D destabilizes the 
than benzoic acid. carboxylate anion. 


pK, > 4.2 
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Rule [2]  Electron-withdrawing groups stabilize a conjugate base, making an acid more acidic. 
An electron-withdrawing group stabilizes a conjugate base by removing electron density from 


the negatively charged carboxylate anion. A benzoic acid substituted by an electron-withdrawing 
group has a lower pK, than benzoic acid (pK, = 4.2). 


| W= Electron-withdrawing group | 


w Ö: Ww Ö: 
Ty TH 

\ \ = 

:0-H 70: 


This acid is more acidic | _ W stabilizes the | 
than benzoic acid. | _ carboxylate anion. — 
pK, < 4.2 


How do we know which groups are electron donating or electron withdrawing on a benzene ring? 
We already learned the characteristics of electron-donating and electron-withdrawing groups in 
Chapter 18, and how they affect the rate of electrophilic aromatic substitution. These principles 
can now be extended to substituted benzoic acids. 


Electron-donor groups e activate benzene to electrophilic attack 
D e make a benzoic acid less acidic | 
Electron-withdrawing groups _ © deactivate benzene to electrophilic attack 
w | e make a benzoic acid more acidic 


Figure 19.8 illustrates how common electron-donating and electron-withdrawing groups affect 


both the rate of reaction of a benzene ring towards electrophiles and the acidity of substituted 
benzoic acids. 


Sample Problem 19.2 Rank the following three carboxylic acids in order of increasing acidity. 


om co OM 
CH0 ON 
A B c 


benzoic acid p-methoxybenzoic acid p-nitrobenzoic acid 


Solution 

p-Methoxybenzoic acid (B): The CH30 group is an electron-donor group because its electron- 
donating resonance effect is stronger than its electron-withdrawing inductive effect (Section 18.6). 
This destabilizes the conjugate base by donating electron density to the negatively charged 
carboxylate anion, making B less acidic than benzoic acid A. 


f 
Two of the possible resonance 
structures for B's conjugate base 
L 


:0: :0: :0: 
| ll q 


Oka E R wr 
“OH “G: NG: 
e o N <> P 
CH,O CH,0 CH,0 


B — 
or Having two (-) charges on nearby atoms © 
p-methoxybenzoic acid destabilizes the conjugate base. 
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p-Nitrobenzoic acid (C): The NO; group is an electron-withdrawing group because of both 
inductive effects and resonance (Section 18.6). This stabilizes the conjugate base by removing 
electron density from the negatively charged carboxylate anion, making © more acidic than 
benzoic acid A. 


Two of the possible resonance 
structures for C’s conjugate base 


? F j 
OH o O~ _ ERS = 
Si y sAN 
©: e :0: :Q: Having unlike charges on nearby atoms . 


p-nitrobenzoic acid | stabilizes the conjugate base. | 


By this analysis, the order of acidity is B < A < C. 


Problem 19.17 Rank the compounds in each group in order of increasing acidity. 


a. € \-coon oa coon cus _\—coor 
Q 
b. on \ coor p \-coon co \—coos 
cH 


Figure 19.8 Effect in Effect on acidity of 


How common substituents Substituent electrophilic substitution substituted benzoic acids 


affect the reactivity of a 
benzene ring towards 


electrophiles and the acidity of “tiie Tala, Rg) 


substituted benzoic acids -ÖH 
i Q na 
p P activating These groups make a benzoic acid 
via -9R | groups | less acidic. 


-X: [X=F, Cl, Br, I] 


-CHO 


-COR 


-COOR 
electron- | me ae | 
withdrawing -COOH goicraeting | | These ours Do eu acid | 
groups group 9 Z 
-CN 


-SO3H 


-NO, 


+ 
-N R3 


¢ Groups that donate electron density activate a benzene ring towards electrophilic attack and 
make a benzoic acid less acidic. Common electron-donating groups are R groups, or groups that 
have an N or O atom (with a lone pair) bonded to the benzene ring. 

e Groups that withdraw electron density deactivate a benzene ring towards electrophilic attack, 
and make a benzoic acid more acidic. Common electron-withdrawing groups are the halogens, or 
groups with an atom Y (with a full or partial positive charge) bonded to the benzene ring. 
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Problem 19.1 


Co 


Poison ivy contains the irritant 
urushiol. 


Extraction has long been 

and remains the first step in 
isolating a natural product from 
its source. 


Figure 19.9 


Using a separatory funnel 
for extraction 


Chapter 19 Carboxylic Acids and the Acidity of the O-H Bond 


Substituted phenols show substituent effects similiar to substituted benzoic acids. Should the pK, 
of phenol A, one of the naturally occurring phenols called urushiols isolated from poison ivy, be 
higher or lower than the pKa of phenol (CgHsOH, pKa = 10)? Explain. 


OH 
HO 


19.12 Extraction 


An organic chemist in the laboratory must separate and purify mixtures of compounds. One 
particularly useful technique is extraction, which uses solubility differences and acid-base prin- 
ciples to separate and purify compounds. 


Two solvents are used in extraction: water or an aqueous solution such as 10% NaHCO; or 10% 
NaOH; and an organic solvent such as dichloromethane (CHCl), diethyl ether, or hexane. Com- 
pounds are separated by their solubility differences in an aqueous and organic solvent. 


An item of glassware called a separatory funnel, depicted in Figure 19.9, is used for the extrac- 
tion. When two insoluble liquids are added to the separatory funnel, two layers form, with the 
less dense liquid on top and the more dense liquid on the bottom. 


Suppose a mixture of benzoic acid (CsH;COOH) and NaCl is added to a separatory funnel 
containing H,O and CHCl. The benzoic acid would dissolve in the organic layer and the NaCl 
would dissolve in the water layer. Separating the organic and aqueous layers and placing them in 
different flasks separates the benzoic acid and NaCl from each other. 


Two layers form. | 


* «— more dense solvent (CH,Clo) 


l 
ovat] 


e When two insoluble liquids are added to a separatory funnel, two layers are visible, and the less 
dense liquid forms the upper layer. 

e To separate the layers, the lower layer can be drained from the bottom of the separatory funnel by 
opening the stopcock. The top layer can then be poured out the top neck of the funnel. 


Recall from Tables 9.1 and 19.2 


that alcohols and carboxylic 
acids having more than five 
carbons are water insoluble. 
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How could we separate a mixture of benzoic acid and cyclohexanol? Both compounds are 
organic, and as a result, both are soluble in an organic solvent such as CH,Cl, and insoluble 
in water. If a mixture of benzoic acid and cyclohexanol were added to a separatory funnel with 
CH,Cl, and water, both would dissolve in the CHC], layer, and the two compounds would not 
be separated from each other. Is it possible to use extraction to separate two compounds of this 


sort that have similar solubility properties? 
i „OH 


COOH 
| Both compounds have 
similar solubility properties. 
cyclohexanol 


benzoic acid 


e insoluble in water 
e soluble in CHCl. 


e insoluble in water 
* soluble in CHzClo 


If a carboxylic acid is one of the compounds, the answer is yes, because we can use acid-base 
chemistry to change its solubility properties. 


When benzoic acid (a strong organic acid) is treated with aqueous NaOH, benzoic acid is depro- 
tonated, forming sodium benzoate. Because sodium benzoate is ionic, it is soluble in water, but 


insoluble in organic solvents. 
2 o pA 
G + Nat-OH = é + HO 
1 10: + 
9H ne Na pK, = 15.7 


~ base 


benzoic acid 
pk, = 4.2 


sodium benzoate 


e soluble in water 
¢ insoluble in CHCl. 


e insoluble in water 
e soluble in CH2Clo 


The solubility properties of the conjugate base 
are different from those of the starting acid. 


A similar acid-base reaction does not occur when cyclohexanol is treated with NaOH because 
organic alcohols are much weaker organic acids, so they can be deprotonated only by a very strong 
base such as NaH. NaOH is not strong enough to form significant amounts of the sodium alkoxide. 


Ö—H Ö: Nat 
Cy + Na OH +*—=> Cy + HO 


base = 15.7 
cyclohexanol a Naa 


pk, ~ 17 Since equilibrium favors the starting 
materials, little alkoxide is formed. 
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Figure 19.10 


Separation of 
benzoic acid and 
cyclohexanol by 
an extraction 
procedure 


[1] 

| COOH 
F COO- 

or —- a Nat 

ar | [2] Add i A H.O 
| C= . 10% NaOH + La E 

» CHCl, solution CHCl» Sa 
l [3] 

L A wA as 


Step [1] Dissolve benzoic acid and Step [2] Add 10% NaOH solution to Step [3] Separate the 


cyclohexanol in CH2Cl3. form two layers. layers. 


r m 


coo" 
| Nat 
in HO 


a 


Separate 
the layers 


| OH 
| in CH2Cl, 
¢ Both compounds dissolve in e Adding 10% aqueous NaOH e Draining the lower layer out the 
the organic solvent CH2Cloe. solution forms two layers. When bottom stopcock separates the 
the two layers are mixed, the two layers, and the separation 
NaOH deprotonates CgH;COOH process is complete. 
to form CgHsCOO-Na’, which e Cyclohexanol (dissolved in 
dissolves in the aqueous layer. CH2Clz) is in one flask. The 
e The cyclohexanol remains in the sodium salt of benzoic acid, 
CHCh layer. CgHsCOO Na’ (dissolved in 


water) is in another flask. 


This difference in acid-base chemistry can be used to separate benzoic acid and cyclohexanol 
by the stepwise extraction procedure illustrated in Figure 19.10. This extraction scheme relies 
on two principles: 


e Extraction can separate only compounds having different solubility properties. One 
compound must dissolve in the aqueous layer and one must dissolve in the organic layer. 


e A carboxylic acid can be separated from other organic compounds by converting it to 
a water-soluble carboxylate anion by an acid-base reaction. 


Thus, the water-soluble salt, CsH;COO Na’ (derived from C;H;COOH by an acid-base reaction) 
can be separated from water-insoluble cyclohexanol by an extraction procedure. 


Which of the following pairs of compounds can be separated from each other by an extraction 
procedure? 

. CH3(CH2)gCOOH and CH3CH2CH2CH2CH=CH2 

b. CHCH2CH2CH2CH=CH; and (CH3CH2CH2)20 

c. CH3(CH2)gCOOH and NaCl 

d. NaCl and KCI 


w 


19.13 


Recall from Section 9.13 that 
CH,C,H,SO,- is called a 

tosyl group, abbreviated by 
the letters Ts. For this reason, 
p-toluenesulfonic acid (also 
called tosic acid) is abbreviated 
as TSOH. 


Problem 19.20 


19.14 


19.14A 


Chapter 29 discusses the 
synthesis of amino acids and 
their conversion to proteins. 
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Sulfonic Acids 


Although much less common than carboxylic acids, sulfonic acids constitute a useful group of 
organic acids. Sulfonic acids have the general structure RSO3H. The most widely used sulfonic 
acid, p-toluenesulfonic acid, was first discussed in Section 2.6. 


E | 


_ General structure | Example 


° mf 
mn 
R-S—O-H CH. S—O—-H = | TsOH 
} Arp T 


sulfonic acid p-toluenesulfonic acid 


Sulfonic acids are very strong acids (pK, values ~ —7) because their conjugate bases are 
resonance stabilized, and all the resonance structures delocalize a negative charge on oxygen. 
The conjugate base of a sulfonic acid is called a sulfonate anion. 


:0: :0: 70: 10: 
i aN cl - [> lo. : 
“a H + B — on <—_ a ia <—_ a + H-B 
? 5 
1O :0: :0: 
strong acid Three resonance structures— 
pk, =-7 All have a negative charge on oxygen. 


Because sulfonate anions are such weak bases, they make good leaving groups in nucleophilic 
substitution reactions, as we learned in Section 9.13. 


Two other commonly used sulfonic acids are methanesulfonic acid (CH3SO3H) and 
trifluoromethanesulfonic acid (CFz;SO3H). Which has the weaker conjugate base? Which conjugate 
base is the better leaving group? Which of these acids has the higher pKa? 


Amino Acids 


Amino acids, one of four kinds of small biomolecules that have important biological functions 
in the cell (Section 3.9), also undergo proton transfer reactions. 


Introduction 


Amino acids contain two functional groups—an amino group (NH,) and a carboxy group 
(COOH). In most naturally occurring amino acids, the amino group is bonded to the & carbon, 
and so they are called o-amino acids. Amino acids are the building blocks of proteins, biomol- 
ecules that comprise muscle, hair, fingernails, and many other biological tissues. 
Tooma carboxy group 
amino group i H 
R Na carbon 


o-amino acid 


742 Chapter 19 Carboxylic Acids and the Acidity of the O-H Bond 


Humans can synthesize only 
10 of the 20 amino acids 
needed for protein synthesis. 
The remaining 10, called 
essential amino acids, must 
be obtained from the diet 

and consumed on a regular, 
almost daily basis. Because 
plant sources generally do 

not have sufficient amounts of 
all the essential amino acids, 
vegetarian diets must be 
carefully balanced. Grains — 
wheat, rice, and corn—are low 
in lysine, and legumes—beans 
peas, and peanuts—are low in 
methionine, but a combination 
of these foods provides all the 
needed amino acids. Thus, a 
diet of corn tortillas and beans 
or rice and tofu, provides 

all essential amino acids. A 
peanut butter sandwich on 
wheat bread does, too. 


Bi-pubylesryvy 1O 3 
PCR Bed, 


n 
i 


The 20 amino acids that occur naturally in proteins differ in the identity of the R group bonded 
to the & carbon. The simplest amino acid, called glycine, has R = H. When the R group is any 
other substituent, the & carbon is a stereogenic center, and there are two possible enantiomers. 


| Simplest amino acid, R = H Two possible enantiomers when R + H | 


GOSH NH3 NH3 
H N—C—H l | 
H pres, -OQR 
H COOH HOOC H 
glycine 
no stereogenic centers ‘i i ; ; 
L amino acid D amino acid 


Only this isomer 
occurs in proteins. 


Amino acids exist in nature as only one of these enantiomers. Except when the R group is CH,SH, 
the stereogenic center on the a carbon has the S configuration. An older system of nomenclature 
names the naturally occurring enantiomer of an amino acid as the L isomer, and its unnatu- 
ral enantiomer the D isomer. 


The R group of an amino acid can be H, alkyl, aryl, or an alkyl chain containing an N, O, or S 
atom. Representative examples are listed in Table 19.4. All amino acids have common names, 
which are abbreviated by a three-letter or one-letter designation. For example, glycine is often 
written as the three-letter abbreviation Gly, or the one-letter abbreviation G. These abbreviations 
are also given in Table 19.4. A complete list of the 20 naturally occurring amino acids is found 
in Figure 29.2. 


Table 19.4 Representative Amino Acids “A 


COOH 
General structure: a dl 
R 
Three-letter One-letter 

R group Name abbreviation abbreviation 
H glycine Gly G 
CH3 alanine Ala A 
CH2C6H5 phenylalanine Phe F 
CHOH serine Ser S 
CHSH cysteine Cys C 
CH CH2SCH3 methionine Met M 
CHCH:COOH glutamic acid Glu E 
(CH2) NH2 lysine Lys K 


Draw both enantiomers of each amino acid and label them as R or S: (a) phenylalanine; 
(b) methionine. 
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19.14B Acid-Base Properties 


An amino acid is both an acid and a base. 


e The NH, group has a nonbonded electron pair, making it a base. 
e The COOH group has an acidic proton, making it an acid. 


Amino acids are never uncharged neutral compounds. They exist as salts, so they have very high 
melting points and are very soluble in water. 


e Proton transfer from the acidic carboxy group to the basic amino group forms a salt 
called a zwitterion, which contains both a positive and a negative charge. 


(+) and (—) charges in the | 
same compound } 


an acid — — 
a base | 

COOH coor 

t | proton transfer + l Sears, 
Baan oe | zwitterlon 
R 
a salt 
This neutral form of an amino acid This salt is the neutral form 
does not exist. of an amino acid. 


In actuality, an amino acid can exist in three different forms, depending on the pH of the aqueous 
solution in which it is dissolved. 


When the pH of a solution is ~6, alanine (R = CH3) exists in its zwitterionic form (A), having no 
net charge. In this form the carboxy group bears a negative charge—it is a carboxylate anion— 
and the amino group bears a net positive charge (an ammonium cation). 


ammonium cation~ . o e Sel: tse o 
HaN=0-H | This form exists at pH = 6. _ 

CH3 — j 

alanine 


A 
a neutral zwitterion 


When strong acid is added to lower the pH (< 2), the carboxylate anion is protonated and the 
amino acid has a net positive charge (form B). 


Adding acid. 


+ a, = + sil i= 
HaN—C—H > HaN—C—H This form exists at pH < 2. 
CH, CH, i 
A B 


overall (+1) charge 


When strong base is added to A to raise the pH (2 10), the ammonium cation is deprotonated and 
the amino acid has a net negative charge (form C). 


| Adding base. | 


coo- coo- 
HÉ HeiH-C-H — HNH p zT 
T Ges a ee | This form exists at pH > 10. | 
CH, CH3 = 
A c 


overall (-1) charge 
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Figure 19.11 


Summary of the acid-base 
reactions of alanine 


19.14C 


More information on the 
isoelectric point can be 
found in Section 29.1 and 
Problem 29.36. 


Thus, alanine exists in one of three different forms depending on the pH of the solution in 
which it is dissolved. If the pH of a solution is gradually increased from 2 to 10, the following 
process occurs. 


e At low pH alanine has a net (+) charge (form B). 


e As the pH is increased to ~6, the carboxy group is deprotonated, and the amino acid 
exists as a zwitterion with no overall charge (form A). 


e At high pH, the ammonium cation is deprotonated, and the amino acid has a net (-) 
charge (form C). 


These reactions are summarized in Figure 19.11. 


COOH (00,0 7 COO- 
HOT + | HO æ 
HaN—C—H ——— HaN—C—H z HəN—C—H 
+ | H+ 
CH, H CH, CH, 
B A Cc 
overall (+1) charge neutral overall (~1) charge 


Explain why amino acids, unlike most other organic compounds, are insoluble in organic solvents 
like diethyl ether. 


Draw the positively charged, neutral, and negatively charged forms for the amino acid glycine. 
Which species predominates at pH 11? Which species predominates at pH 1? 


Isoelectric Point 


Because a protonated amino acid has at least two different protons that can be removed, a pK, 
value is reported for each of these protons. For example, the pK, of the carboxy proton of ala- 
nine is 2.35 and the pK, of the ammonium proton is 9.87. Table 29.1 lists these values for all 20 
amino acids. 


¢ The pH at which the amino acid exists primarily in its neutral form is called its 
isoelectric point, abbreviated as pl. 


Generally, the isoelectric point is the average of both pK, values of an amino acid: 


| Isoelectric point | = pl = PEROM Epig ee 
Foralanine: pI = 2.35 +9.87 _ 6.12 
2 pZ (alanine) 


The pK, values for the carboxy and ammonium protons of phenylalanine are 2.58 and 9.24, 
respectively. What is the isoelectric point of phenylalanine? Draw the structure of phenylalanine at 
its isoelectric point. 


Explain why the pK, of the COOH group of glycine is much lower than the pK, of the COOH of 
acetic acid (2.35 compared to 4.8). 
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KEY CONCEPTS O 


Carboxylic Acids and the Acidity of the O-H Bond 


General Facts 
e Carboxylic acids contain a carboxy group (COOH). The central carbon is sp” hybridized and trigonal planar (19.1). 
e Carboxylic acids are identified by the suffixes -oic acid, carboxylic acid, or -ic acid (19.2). 
e Carboxylic acids are polar compounds that exhibit hydrogen bonding interactions (19.3). 


Summary of Spectroscopic Absorptions (19.4) 


IR absorptions C=O ~1710 cm“ 
O-H 3500-2500 cm (very broad and strong) 
1H NMR absorptions O-H 10-12 ppm (highly deshielded proton) 
amen OE Hate COOH 2-2.5 ppm (somewhat deshlelded C,,3—H) 
126 NMR absorption C=O 170-210 ppm (highly deshielded carbon) 


General Acid-Base Reaction of Carboxylic Acids (19.9) 


6: 6: e Carboxylic acids are especially acidic because carboxylate 
i : 4 i tabilized 
R-c A B — > R-C +  H-Bt anions are resonance stabi ; 
bH Or ¢ For equilibrium to favor the products, the base must have a 
ý conjugate acid with a pK, > 5. Common bases are listed in 
pk, =5 carboxylate anion Table 19.3. 


Factors That Affect Acidity 


Resonance effects 
e Acarboxylic acid is more acidic than an alcohol or phenol because its conjugate base is more effectively stabilized by resonance (19.9). 


ROH R 
‘OH 


pk, = 16-18 pk, = 10 pk, =5 


Inductive effects 
e Acidity increases with the presence of electron-withdrawing groups (like the electronegative halogens) and decreases with the presence 
of electron-donating groups (like polarizable alkyl groups) (19.10). 


Substituted benzoic acids 
e Electron-donor groups (D) make a substituted benzoic acid less acidic than benzoic acid. 
e Electron-withdrawing groups (W) make a substituted benzoic acid more acidic than benzoic acid. 


COOH COOH COOH 
t Cy «of 


less acidic pk, = 4.2 more acidic 
higher pK, lower pK, 
pK, > 4.2 pKa < 4.2 


-Increasing acidity > 
Other Facts 


e Extraction is a useful technique for separating compounds having different solubility properties. Carboxylic acids can be separated 
from other organic compounds by extraction, because aqueous base converts a carboxylic acid into a water-soluble carboxylate 
anion (19.12). 

e A sulfonic acid (RSO3H) is a strong acid because it forms a weak, resonance-stabilized conjugate base on deprotonation (19.13). 

e Amino acids have an amino group on the a carbon to the carboxy group [RCH(NH2)COOH]. Amino acids exist as zwitterions at 
pH = 6. Adding acid forms a species with a net (+1) charge [RCH(NH;)COOH]*. Adding base forms a species with a net (-1) charge 
[RCH(NH2)COO] (19.14). 
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PROBLEMS Tiy, 


Problems Using Three-Dimensional Models 
19.26 Answer each question for A and B depicted in the ball-and-stick models. 


What is the IUPAC name for each compound? 

What product is formed when each compound is treated with NaOH? 

Name the products formed in part (b). 

d. Draw the structure of an isomer that is at least 10° times less acidic than each compound. 


O Fm 


19.27 Rank the carboxylic acids in order of increasing acidity. 
ag s No z o. g 
-e w v 2 
19.28 Give the IUPAC name for each compound. 


a. (CHs)SCHCH;CH»CO.H e. —_ h. onach ooon 
b. BrCH,COOH 


(0) O 


Gi >No f. TH i. ~AN Na+ 
COOH 
COOH COOH 
d. CHaCHCH;COO Li+ g. CL j. Suge 
Br 


19.29 Draw the structure corresponding to each name. 
a. 3,3-dimethylpentanoic acid 
b. 4-chloro-3-phenylheptanoic acid 
c. (2R)-2-chloropropanoic acid 
d. B,B-dichloropropionic acid 


Nomenclature 


m-hydroxybenzoic acid i. 2,2-dichloropentanedioic acid 
o-chlorobenzoic acid j. 4-isopropyl-2-methyloctanedioic acid 
potassium acetate 

. sodium a-bromobutyrate 


7O nnp 


19.30 Draw the structures and give the IUPAC names for the carboxylic acids having molecular formula CsH1002. Then give the IUPAC 
names for the sodium salts that result from treatment of each carboxylic acid with NaOH. 


19.31 Give an IUPAC and common name for each of the following naturally occurring carboxylic acids: (a) CH;CH(OH)CO3H (lactic 
acid); (b) HOCH,CH2C(OH)(CH3)CH2CO2H (mevalonic acid). 


Problems 
Physical Properties 
19.32 Rank the compounds in each group in order of increasing boiling point. 
a. CH3CHsCH2CH2COOH, (CH3CH2CH»2)20, CHa(CH2)sOH 
b. CHgCOCH2CH(CHs)s, (CH3)2CHCH2COOH, (CH3)2CHCHsCH(OH)CHs 
Preparation of Carboxylic Acids 
19.33 Draw the organic products formed in each reaction. 
OH CiO; [1] Og 
a. — Ci C=C-H = 
HzSO,, H2O [2] H2O 
NazCr20 
b. Chach joh Paii N d. CHa(CH2)eCH;OH ————-> 
H2804, H2O 
19.34 Identify the lettered compounds in each reaction sequence. 
1] BH CrO CH)2CHCl KMnO, 
[2] H203, HO- H,SO,, H2O AICl, 
1] NaNH [1] NaNH [1] O 
E TE eai ME a gy I ee oe 
[2] CHI [2] CH3CH;1 [2] H2O 


Acid-Base Reactions; General Questions on Acidity 
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19.35 Using the pK, table in Appendix A, determine whether each of the following bases is strong enough to deprotonate the three 


compounds listed below. Bases: [1] “OH; [2] CH3CHz ; [3] "NH3; [4] NHg; [5] HC =C. 


a. on coon b. a€ on c. (CHa)sCOH 


pk, =4.3 pk, = 9.4 pk, = 18 


19.36 Draw the products of each acid-base reaction, and using the pK, table in Appendix A, determine if equilibrium favors the 
reactants or products. 


a. K jooon + KOC(CH;)3 === d. <p + CHi == 


CH, 


by NH + NH3 > e. (CH3)2CHCH OH + NaH == 


Cc. T + NaNH, == f. on oH + Na,cO; ===> 


19.37 Which compound in each pair has the lower pKa? Which compound in each pair has the stronger conjugate base? 


COOH CH,OH 
a. Cy or Cy c. oH jooon or o{ jooon 


b. CICH,COOH or FCH:COOH d. NCCH,COOH or CHCOOH 
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19.38 Rank the compounds in each group in order of increasing acidity. 


lh Scat Ly og iag r 
a. b. 

OOH ~~~ “COOH 

Cc 00 COOH oe om op 


19.39 Rank the compounds in each group in order of increasing basicity. 


oO o- o 
a. BrCHsCOO- (CH,)sCCOO- BrCH:CH;COO" c. ay Cy LY 
b. CgHsNH” CsHsO7 CeHsCHz ON 


19.40 Match the pK, values to the appropriate structure. pKa values: 0.28, 1.24, 2.66, 2.86, and 3.12. Compounds: 
(a) FCH2COOH; (b) CF4COOH; (c) FxCHCOOH; (d) ICH,COOH; (e) BrCH2COOH. 


19.41 Although codeine occurs in low concentration in the opium poppy, most of the codeine used in medicine is prepared from 
morphine (the principal component of opium) by the following reaction. Explain why selective methylation occurs at only one 
OH in morphine to give codeine. Codeine is a less potent and less addictive analgesic than morphine. 


HO CH,0 
fo) [1] KOH fe) 
N [2] CHI 


\ 
CH3 o 
HO 
morphine codeine 


19.42 Which carboxylic acid has the lower pKa, pyruvic acid (CH3COCO>H) or acetoacetic acid (CHz;COCH2CO2H)? Explain your 
choice. 


19.43 Explain each statement. 
a. The pK, of p-nitrophenol is lower than the pK, of phenol (7.2 vs. 10). 
b. The pK, of p-nitrophenol is lower than the pK, of m-nitrophenol (7.2 vs. 8.3). 


19.44 Explain the following statement. Although 2-methoxyacetic acid (CHOCH COOH) is a stronger acid than acetic acid 
(CH3COOH), p-methoxybenzoic acid (CH3z0CgH,COOH) is a weaker acid than benzoic acid (CgH;COOK). 


19.45 The pKa of p-methylthiophenol (CH3SCgH,OH) is 9.53. Is p-methylthiophenol more or less reactive in electrophilic aromatic 
substitution than phenol? 


19.46 Explain why the pk, of compound A is lower than the pK,’s of both compounds B and C. 


COH 
Qa Q Q 
Oo” “COH o n” “COH 
H 
A B c 
pk, = 3.2 pKa = 3.9 pk, = 4.4 


19.47 Rank the following compounds in order of increasing acidity and explain in detail your choice of order. 


COH COH 
pen OA O 
Cc D E 
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19.48 Explain the following result. Acetic acid (CH;COOH), labeled at its OH oxygen with the uncommon "80 isotope, was treated with 
aqueous base, and then the solution was acidified. Two products having the 180 label at different locations were formed. 


o * 
i [1] NaOH Q È 
CH; © 5 oa ay j DONE 
3 OH [2] H30* CH; “OH CH; OH 
labeled O atom The label is now in two different locations. 


19.49 Draw all resonance structures of the conjugate bases formed by removal of the labeled protons (Ha, Hp, and He) in 
1,3-cyclohexanedione and acetanilide. For each compound, rank these protons in order of increasing acidity and explain 


the order you chose. 


(0) Ho 
H H N 
a c . _ Ss 
a . O 
Hp O Ha 
1,3-cyclohexanedione acetanilide 


19.50 As we will see in Chapter 23, C-H bonds are sometimes more acidic than O-H bonds. Explain why the pKa of CH2(CHO)} is 
lower than the pK, of HO(CH3)sOH (9 vs. 16). 
19.51 Identify X in the following equation, and explain how hexanoic acid, the chapter-opening molecule, is formed by this stepwise 
reaction sequence. 
[1] CHz;CH2,CH,CH,Br 
CHCOOH a CHCH CH CH;CH COOH 


strong base [2] H,0* 
(2 equiv) hexanoic acid 


19.52 The pKa of acetamide (CH3CONH.) is 16. Draw the structure for its conjugate base and explain why acetamide is less acidic 
than CHCOOH. 


Extraction 
19.53 Write out the steps needed to separate hydrocarbon A and carboxylic acid B by using an extraction procedure. 


A B 


19.54 Because phenol (CgH;OH) is less acidic than a carboxylic acid, it can be deprotonated by NaOH but not by the weaker base 
NaHCOs. Using this information, write out an extraction sequence that can be used to separate CsH;OH from cyclohexanol. 
Show what compound is present in each layer at each stage of the process, and if it is present in its neutral or ionic form. 


19.55 Can octane and 1-octanol be separated using an aqueous extraction procedure? Explain why or why not. 


Spectroscopy 


19.56 Identify each compound from its spectral data. 
a. Molecular formula: C3HsClO. 
IR: 3500-2500 cm”, 1714 cm” 
1H NMR data: 2.87 (triplet, 2 H), 3.76 (triplet, 2 H), and 11.8 (singlet, 1 H) ppm 
b. Molecular formula: CgHgOz3 
IR: 3500-2500 cm”, 1688 cm"! 
'H NMR data: 3.8 (singlet, 3 H), 7.0 (doublet, 2 H), 7.9 (doublet, 2 H), and 12.7 (singlet, 1 H) ppm 
c. Molecular formula: CgHgO3 
IR: 3500-2500 cm”, 1710 cm 
1H NMR data: 4.7 (singlet, 2 H), 6.9-7.3 (multiplet, 5 H}, and 11.3 (singlet, 1 H) ppm 
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19.57 Use the 'H NMR and IR spectra given below to identify the structures of two isomers (A and B) having molecular formula 
C4HgQOo. 


Compound A: 
100 + 


1H NMR of A 


50 


% Transmittance 


4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm) 


Compound B: 


100 
1H NMR of B 


% Transmittance 
ai 
oO 


1H 


very broad singlet 


19.58 An unknown compound C (molecular formula C4Hg0;) exhibits IR absorptions at 3600-2500 and 1734 cm”, as well as the 
foliowing 'H NMR spectrum. What is the structure of C? 


4000 3500 3000 2500 2000 1500 1000 500 
ppm Wavenumber (cm) 


1H NMR of C 


Problems 751 


19.59 Propose a structure for D (molecular formula CgHgClO2) consistent with the given spectroscopic data. 
136 NMR signals at 30, 36, 128, 130, 133, 139, and 179 ppm 


1H NMR of D 


ppm 


19.60 A monomer needed to synthesize polyethylene terephthalate (PET), a polymer used to make plastic sheeting and soft drink 
bottles (Section 22.16), shows a strong absorption in its IR spectrum at 1692 cm” and two singlets in its 'H NMR spectrum at 
8.2 and 10.0 ppm. What is the structure of this monomer (molecular formula CgHgQ,)? 


49.61 Match the °C NMR data to the appropriate structure. 
Spectrum [1]: signals at 14, 22, 27, 34, 181 ppm Q 
Spectrum [2]: signals at 27, 39, 186 ppm Ao ~~—™cooH Page 
Spectrum [3]: signals at 22, 26, 43, 180 ppm A B c 


19.62 y-Butyrolactone (C4HgO2, GBL) is a biologically inactive compound that is converted to the biologically active recreational drug 
GHB (Section 19.5) by a lactonase enzyme in the body. Since y-butyrolactone is more fat soluble than GHB, it is more readily 
absorbed by tissues and thus produces a faster onset of physiological symptoms. y-Butyrolactone shows an absorption in its 
IR spectrum at 1770 cm™ and the following 'H NMR spectral data: 2.28 (multiplet, 2 H), 2.48 (triplet, 2 H), and 4.35 (triplet, 2 H) 
ppm. What is the structure of y-butyrolactone? 


Amino Acids 


19.63 Threonine is a naturally occurring amino acid that has two stereogenic centers. 


C2 a. Draw the four possible stereoisomers using wedges and dashes. 
Sp pooh b. The naturally occurring amino acid has the 2S,3R configuration at its two stereogenic centers. Which 
rater structure does this correspond to? 
H-Ç-OH 
CH3 
threonine 


19.64 Proline is an unusual amino acid because its N atom on the a carbon is part of a five-membered ring. 


H a. Draw both enantiomers of proline. 
CH COOH b. Draw proline in its zwitterionic form. 
proline 


19.65 For each amino acid [RCH(NH2)COOH}, draw its neutral, positively charged, and negatively charged forms. Which form 
predominates at pH = 1, 6, and 11? What is the structure of each amino acid at its isoelectric point? 
a. methionine (R = CHsCH2,SCHs) 
b. serine (R = CH2OH) 
19.66 Calculate the isoelectric point for each amino acid. 
a. cysteine: pK, (COOH) = 2.05; pKa (a-NH3*) = 10.25 
b. methionine: pK, (COOH) = 2.28; pK, (a-NH3*) = 9.21 
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19.67 Lysine and tryptophan are two amino acids that contain an additional N atom in the R group bonded to the a carbon. While 
lysine is classified as a basic amino acid because it contains an additional basic N atom, tryptophan is classified as a neutral 
amino acid. Explain why this difference in classification occurs. 


O 
LI 


HN C 
cai i 


HoN.H 


lysine tryptophan 
19.68 Amino acids can be prepared from a-halo carboxylic acids [RCH(X)COOH] by reaction with excess NH3. Why is excess NH3 
needed for this reaction? 


19.69 Glutamic acid is a naturally occurring «-amino acid that contains a carboxy group in its R group side chain (Table 19.4). 
(Glutamic acid is drawn in its neutral form with no charged atoms, a form that does not actually exist at any pH.) 


NH; a. What form of glutamic acid exists at pH = 1? 
HOOCCH,CHp f coon b. Ifthe pH is gradually increased, what form of glutamic acid exists after one equivalent of base 
H is added? After two equivalents? After three equivalents? 


c. Propose a structure of monosodium glutamate, the common flavor enhancer known as MSG. 
glutamic acid 


Challenge Problems 


19.70 Explain why using one or two equivalents of NaH results in different products in the following reactions. 


NaH. _ [1] CHa on0—{ J) CH:CHCH0HOH 
(1 equiv) [2] H2O 
Ho—{)—cH,CH,cH,CH,OH 
N 1] CHgI 
aH _ [1] CHa » Ho—{_/)—cH,chscHcH.00H, 
(2 equiv) [2] H2O 


19.71 Although p-hydroxybenzoic acid is less acidic than benzoic acid, o-hydroxybenzoic acid is slightly more acidic than benzoic 
acid. Explain this result. 
OH 


Ho—{ coor COOH 


p-hydroxybenzoic acid o-hydroxybenzoic acid 


19.72 2-Hydroxybutanedioic acid occurs naturally in apples and other fruits. Rank the labeled protons (H,-H,) in order of increasing 
acidity and explain in detail the order you chose. 


O Hy 
OH 
H,O s 
HO H, O 


2-hydroxybutanedioic acid 


19.73 Although it was initially sold as a rat poison, warfarin is an effective anticoagulant used to prevent blood clots. Label the most 
acidic proton in warfarin, and explain why its pK, is comparable to the pK, of a carboxylic acid. 


gla O 
| O O 


warfarin 
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Ciguatoxin CTX3C is a potent neurotoxin found in more than 400 species of warm-water fish. 
Thousands of people contract ciguatera seafood poisoning each year from ingesting tropical 
reef fish containing this neurotoxin. Interest in providing a practical supply of ciguatoxin CTX3C 
for biological testing led to its laboratory synthesis in 2001. One step in the multistep synthesis 
involved a selective reduction, one of the many reactions presented in Chapter 20. 
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20.1 


Chapters 20 through 24 of this text discuss carbonyl compounds—aldehydes, 
ketones, acid halides, esters, amides, and carboxylic acids. The carbonyl group is perhaps the 
most important functional group in organic chemistry, because its electron-deficient carbon 
and easily broken x bond make it susceptible to a wide variety of useful reactions. 


We begin by examining the similarities and differences between two broad classes of carbonyl 
compounds. We will then spend the remainder of Chapter 20 on reactions that are especially 
important in organic synthesis. Chapters 21 and 22 present specific reactions that occur at the 
carbonyl carbon, and Chapters 23 and 24 concentrate on reactions occurring at the œ carbon to 
the carbonyl group. 


Although Chapter 20 is “jam-packed” with reactions, most of them follow one of two general 
pathways, so they can be classified in a well-organized fashion, provided you remember a few 
basic principles. Keep in mind the following fundamental themes about reactions: 


e Nucleophiles attack electrophiles. 
e m= Bonds are easily broken. 
e Bonds to good leaving groups are easily cleaved heterolytically. 


Introduction 


Two broad classes of compounds contain a carbonyl group: 


carbonyl group 


[1] Compounds that have only carbon and hydrogen atoms bonded to the carbonyl group 


at least 1 H 
ben f 
7 i SA = hæ 
R Hj LRI [RI 2 R groups 
aldehyde ketone 


e An aldehyde has at least one H atom bonded to the carbonyl group. 
e A ketone has two alkyl or aryl groups bonded to the carbonyl group. 


[2] Compounds that contain an electronegative atom bonded to the carbonyl group 


q Q q f 
CE Co Cea Cia 
R/ ton] R” PGI R OR’; R ÙN 
: ea ae 
carboxylic acid acid chloride ester amide 


These include carboxylic acids, acid chlorides, esters, and amides, as well as other similar 
compounds discussed in Chapter 22. Each of these compounds contains an electronegative atom 
(Cl, O, or N) capable of acting as a leaving group. Acid chlorides, esters, and amides are often 
called carboxylic acid derivatives, because they can be synthesized from carboxylic acids 
(Chapter 22). Since each compound contains an acyl group (RCO—), they are also called acyl 
derivatives. 


e The presence or absence of a leaving group on the carbonyl carbon determines the 
type of reactions these compounds undergo (Section 20.2). 


The carbonyl carbon atom is sp” hybridized and trigonal planar, and all bond angles are ~120°. 
The double bond of a carbonyl group consists of one © bond and one 7m bond. The m bond is 
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Figure 20.1 


Electrostatic potential map of 
formaldehyde, CH2=O 


electron-rich oxygen atom 


electron-deficient carbon atom 


e An electrostatic potential map shows the electron-deficient carbon and the electron-rich oxygen 
atom of the carbony! group. 


formed by the overlap of two p orbitals, and extends above and below the plane. In these features 
the carbonyl group resembles the trigonal planar, sp” hybridized carbons of a C-C double bond. 


n bond 


t, 
’ 


eo = 120°C @-@ 
| | 


sp? hybridized trigonal planar 


o bond 


In one important way, though, a C=0 and C=C are very different. The electronegative oxygen 
atom in the carbonyl group means that the bond is polarized, making the carbonyl carbon 
electron deficient. Using a resonance description, the carbonyl group is represented by two reso- 
nance structures, with a charge-separated resonance structure a minor contributor to the hybrid. 
An electrostatic potential plot for formaldehyde, the simplest aldehyde, is shown in Figure 20.1. 
It clearly indicates the polarized carbonyl group. 


The aldehyde a-sinensal 
(Problem 20.1) is the major \ 


‘ Ne ace \i o 
compound responsible for the C=O: <—- —O: C=O 
orange-like odor of mandarin / U 4 A ; 
oil, obtained from the mandarin the major contributor a minor contributor hybrid 
tree in southern China. to the hybrid to the hybrid 


polarized carbonyl 


Problem 20.1 [1] a. What orbitals are used to form the indicated bonds 
a cS A Z H in a-sinensal? 
[3] k x [2] b. In what type of orbitals do the lone pairs on O 


o-sinensal i reside? 


20.2 General Reactions of Carbonyl Compounds 


With what types of reagents should a carbonyl group react? The electronegative oxygen makes the 
carbonyl carbon electrophilic, and because it is trigonal planar, a carbonyl carbon is uncrowded. 
Moreover, a carbonyl group has an easily broken 7 bond. 


wi, 
| mbond r i LS es 
as — electrophilic carbon 


uncrowded 
sp? hybridized carbon 


As aresult, carbonyl compounds react with nucleophiles. The outcome of nucleophilic attack, 
however, depends on the identity of the carbonyl starting material. 
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e Aldehydes and ketones undergo nucleophilic addition. 


anne q [1] :Nu7 ° 
z ae) k Aa H and Nu 
Nucleophilic addition ROS HIR) [2] H,O R T H(R) [ove added. 


e Carbonyl compounds that contain leaving groups undergo nucleophilic substitution. 


10) 16) 
| :Nu- i 
_Nucleophilic substitution | aS — aN Nu replaces Z. 


Z = OH, Cl, OR, NH3 


Let’s examine each of these general reactions individually. 


20.2A Nucleophilic Addition to Aldehydes and Ketones 


Aldehydes and ketones react with nucleophiles to form addition products by the two-step process 
shown in Mechanism 20.1: nucleophilic attack followed by protonation. 


Ce Mechanism 20.1 Nucleophilic Addition—A Two-Step Process 


N e In Step [1], the nucleophile (:Nu”`) 
30: ¡ÖH ÖH :O-H attacks the electrophilic carbonyl. As 
6 —— R—C—H(R) = R—Č—H(P') + 6H the new bond to the nucleophile forms, 
Í S 


[2] ] 


ay *H(R') [1] the z bond is broken, moving an electron 


Nu Nu 
Je 4 . pair out on the oxygen atom. This forms 
‘Nu sp? hybridized i 3 ices f 
addition product an sp“ hybridized intermediate. 
nucleophilic attack protonation e In Step [2], protonation of the negatively 


charged oxygen atom by H20 (or another 
proton source) forms the addition product. 


The net result is that the 7 bond is broken, two new o bonds are formed, and the elements of H and 


Mors exampiesotnucisophiie Nu are added across the n bond. Nucleophilic addition with two different nucleophiles—hydride 


addition to aldehydes and A A ee) ee i ; 
ktanes arë diecussėd in (H:7) and carbanions (R:7)—is discussed in Chapter 20. 
Chapter 21. Aldehydes are more reactive than ketones towards nucleophilic attack for both steric and elec- 


tronic reasons. 


Aldehydes—more reactive | _ Ketones—less reactive | 


o om 
+ a 9: Q: 
CS C Ç 
RH Rx `H R/R R&R 
Less steric hindrance Only one R stabilizes Two R's increase Two P’s stabilize 
with only one R group the positive charge. steric hindrance. the positive charge. 
less crowded less stable more crowded more stable 


e The two R groups bonded to the ketone carbonyl! group make it more crowded, so 
nucleophilic attack is more difficult. 

e The two electron-donor R groups stabilize the partial charge on the carbonyl carbon of 
a ketone, making it more stable and less reactive. 
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20.2B Nucleophilic Substitution of RCOZ (Z = Leaving Group) 


Carbonyl compounds with leaving groups react with nucleophiles to form substitution products 
by the two-step process shown in Mechanism 20.2: nucleophilic attack, followed by loss of the 
leaving group. 


{ò Mechanism 20.2 Nucleophilic Substitution—A Two-Step Process 


:0: 05, :0: e In Step [1], the nucleophile (:Nu’) attacks 
A Ruz 1 + :z- the electrophilic carbonyl, forming an sp? 
ma X% [1] iy [2] R~ “Nu hybridized intermediate. This step is identical 
lu A r : : to nucleophilic addition. 
` S ridized substitution product 
i a id y i 7 nec: p ¢ Step [2] is different. Because the intermediate 
| nucleophilic attack | | loss of a leaving group ` contains an electronegative atom Z, Z can act 
— — as a leaving group. To do so, an electron pair 
[Z = OH, Cl, OR, NH3 ] on O re-forms the x bond, and Z leaves with 


the electron pair in the C- Z bond. 


The net result is that Nu replaces Z—a nucleophilic substitution reaction. This reaction is 
often called nucleophilic acyl substitution to distinguish it from the nucleophilic substitution 
reactions at sp° hybridized carbons discussed in Chapter 7. Nucleophilic substitution with two 
different nucleophiles—hydride (H:7) and carbanions (R:)—is discussed in Chapter 20. Other 
nucleophiles are examined in Chapter 22. 


Carboxylic acid derivatives differ greatly in their reactivity towards nucleophiles. The order in 
which they react parallels the leaving group ability of the group Z bonded to the carbonyl! carbon. 


Recall from Section 7.7 that the e The better the leaving group Z, the more reactive RCOZ is in nucleophilic acyl 


weaker the base, the better the substitution. 
leaving group. 
Thus, the following trends result: 


Increasing leaving group ability Nl > 
Leaving group | -NH3 -OH -OR' cr 
ability t n if 
. - similar 


| 
L 


= 7 1 19: 1O; io ‘OF 

rder o 

reactivity | RO NH aes nome aN 
least reactive L similar i most reactive 


naran nin = 
icreasing reactivity 


e Acid chlorides (RCOCI), which have the best leaving group (CI), are the most reactive 
carboxylic acid derivatives, and amides (RCONH,), which have the worst leaving group 
(NH,), are the least reactive. 

e Carboxylic acids (RCOOH) and esters (RCOOR’), which have leaving groups of similar 
basicity (OH and “OR’), fall in the middle. 
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Nucleophilic addition and nucleophilic acyl substitution involve the same first step—nucleo- 
philic attack on the electrophilic carbonyl group to form a tetrahedral intermediate. The 
difference between them is what then happens to this intermediate. Aldehydes and ketones can- 
not undergo substitution because they have no leaving group bonded to the newly formed sp? 
hybridized carbon. Nucleophilic substitution with an aldehyde, for example, would form H77, an 
extremely strong base and therefore a very poor (and highly unlikely) leaving group. 


An aldehyde does not undergo nucleophilic substitution.... 


g 30: 05) :0: 
Aldehyde C — RGH — x - Ç + JH 
| Aldehyde | RYH Vie R^ ~Nu t 


*Nu- sp? hybridized ... because a very poor leaving | 
group would be formed. | 


Problem 20.2 Which carbonyl groups in the anticancer drug taxol (Section 5.5) will undergo nucleophilic addition 
and which will undergo nucleophilic substitution? 


HO = AS 
O's 

taxol (0) (@) o 
O 


Problem 20.3 Which compound in each pair is more reactive towards nucleophilic attack? 


a. CH3CH2CHCHO or CH3CH2CH2COCH;3 C. CH3CH2COCI or CHCOOCH3 
b. CH3CH2COCH; or CH3CH(CH3)COCH2CH3 d. CH3COOCH3 or CH3CONHCH, 


To show how these general principles of nucleophilic substitution and addition apply to car- 
bonyl compounds, we are going to discuss oxidation and reduction reactions, and reactions with 
organometallic reagents—compounds that contain carbon—metal bonds. We begin with reduction 
to build on what you learned previously in Chapter 12. 


20.3 A Preview of Oxidation and Reduction 


Recall the definitions of oxidation and reduction presented in Section 12.1: 


e Oxidation results in an increase in the number of C- Z bonds (usually C- O bonds) ora 
decrease in the number of C-H bonds. 

e Reduction results in a decrease in the number of C- Z bonds (usually C-O bonds) or an 
increase in the number of C-H bonds. 


[1] 


[2] 


[3] 


20.3 A Preview of Oxidation and Reduction 759 


Carbonyl compounds are either reactants or products in many of these reactions, as illustrated in 
the accompanying diagram. For example, because aldehydes fall in the middle of this scheme, 
they can be both oxidized and reduced. Carboxylic acids and their derivatives (RCOZ), on the 
other hand, are already highly oxidized, so their only useful reaction is reduction. 


TT 


OH 
R È H(R' Ran i gt i 
LT RHR) THD RZ 
alcohol aldehyde carboxylic acid 
or (Z = OH) or one 
ketone of its derivatives 


The three most useful oxidation and reduction reactions of carbonyl starting materials can be 
summarized as follows: 


Reduction of aldehydes and ketones to alcohols (Sections 20.4—20.6) 


(0) 
č (H) R 4 H(R') 
R^ ~H(R') | 
H 
aldehyde or ketone 1° or 2° alcohol 


Aldehydes and ketones are reduced to 1° and 2° alcohols, respectively. 


Reduction of carboxylic acid derivatives (Section 20.7) 


p e ee 
=ý <7 R~ SH or i 
aldehyde 1° alcohol 


The reduction of carboxylic acids and their derivatives gives a variety of products, depending on 
the identity of Z and the nature of the reducing agent. The usual products are aldehydes or 1° 
alcohols. 


Oxidation of aldehydes to carboxylic acids (Section 20.8) 


(0) 

Il [O] ? 
Rl `H R^ `OH 
aldehyde carboxylic acid 


The most useful oxidation reaction of carbonyl compounds is the oxidation of aldehydes to 
carboxylic acids. 


We begin with reduction, because the mechanisms of reduction reactions follow directly from the 
general mechanisms for nucleophilic addition and substitution. 
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20.4 


LIAIH, and NaBH, serve as 

a source of H7, but there are 
no free H7 ions present in 
reactions with these reagents. 


20.4A 


LIAIH, reductions must be 
carried out under anhydrous 
conditions, because water 
reacts violently with the 
reagent. Water is added to 
the reaction mixture (to serve 
as a proton source) after 

the reduction with LiAIH, is 
complete. 


Probiem 20.4 


Problem 20.6 
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Reduction of Aldehydes and Ketones 


The most useful reagents for reducing aldehydes and ketones are the metal hydride reagents 
(Section 12.2). The two most common metal hydride reagents are sodium borohydride (NaBH,) 
and lithium aluminum hydride (LiAIH,). These reagents contain a polar metal—hydrogen bond 
that serves as a source of the nucleophile hydride, H:”. LiAlH, is a stronger reducing agent than 
NaBHy, because the Al-H bond is more polar than the B—H bond. 


H H 

Nat H-BTH LIY H-ÅIZH M-H = A a Bey 
l i t5- ate 
H H t 


sodium borohydride lithium aluminum hydride a polar metal-hydrogen bond 


Reduction with Metal Hydride Reagents 


Treating an aldehyde or a ketone with NaBH; or LiAlH,, followed by water or some other proton 
source, affords an alcohol. This is an addition reaction because the elements of H, are added 
across the m bond, but it is also a reduction because the product alcohol has fewer C—O bonds 
than the starting carbonyl compound. 


General 2 NaBH, H20 ig a DoE 
reaction RHI) ar R-Ç-H(R') , addition of 2 
LiAIH, H «—_ 
aldehyde or 1° or 2° alcohol 
ketone 
| 2 C-O bonds | 1 C-O bond | 


The product of this reduction reaction is a 1° alcohol when the starting carbonyl compound is an 
aldehyde, and a 2° alcohol when it is a ketone. 


TOE 
Examples | o en, OH | ia, OH 


| 
C —=>>_— CH3-C—-H CH,—-C—CH 
CHI ^H CHOH p i CHS “CH, [2] H20 a ale 
aldehyde 1° alcohol ketone 2° alcohol 


NaBH, selectively reduces aldehydes and ketones in the presence of most other functional 
groups. Reductions with NaBH, are typically carried out in CH3OH as solvent. LiAIH, reduces 
aldehydes and ketones and many other functional groups as well (Sections 12.6 and 20.7). 


What alcohol is formed when each compound is treated with NaBH, in CHOH? 


Ak 
? C b. : 
* CHgCH,CH? `H ( re r. 


What aldehyde or ketone is needed to prepare each alcohol by metal hydride reduction? 


OH OH 


Why can't 1-methylcyclohexanol be prepared from a carbonyl compound by reduction? 
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20.4B The Mechanism of Hydride Reduction 


Hydride reduction of aldehydes and ketones occurs via the general mechanism of nucleophilic 
addition—that is, nucleophilic attack followed by protonation. Mechanism 20.3 is shown using 
LiAIH4, but an analogous mechanism can be written for NaBHy. 


5 Mechanism 20.3 LiAIH, Reduction of RCHO and R,C=O 


:0: Or R. :OH e In Step [1], the nucleophile (AIH, ) donates H:7 

cl ~ SH ÖH l to the carbonyl group, cleaving the x bond, and 

CG. — ~=— R-C-H(R’) R-C-H(R’) 
R7 ~H(R') [1] j [2] | moving an electron pair onto oxygen. This forms 
A H H a new C-H bond. 

H3Al—H 4 1° or 2° alcohol Fe 
AlHg e In Step [2], the alkoxide is protonated by H2O 
| nucleophilic attack | l protonation +OH (or CH3OH) to form the alcohol reduction product. 


This acid-base reaction forms a new O-H bond. 


e The net result of adding H77 (from NaBH, or LiAIH,) and H* (from H20) is the addition of 
the elements of Hz to the carbonyl r bond. 


20.4C Catalytic Hydrogenation of Aldehydes and Ketones 


Catalytic hydrogenation also reduces aldehydes and ketones to 1° and 2° alcohols, respec- 
tively, using H; and Pd-C (or another metal catalyst). H adds to the C=O in much the same way 
that it adds to the C=C of an alkene (Section 12.3). The metal catalyst (Pd-C) provides a surface 
that binds the carbony] starting material and H,, and two H atoms are sequentially transferred 
with cleavage of the 7 bond. 


| Examples | 0 HQ H 


10) OH 


ll Hp l Ho 
C ——>  CH3CH;CH;—-C-H = aA 
CHsCH,CH; `H  Pd-C ii i Pd-C 
aldehyde 1° alcohol ketone 2° alcohol 


When a compound contains both a carbonyl group and a carbon-carbon double bond, selective 
reduction of one functional group can be achieved by proper choice of reagent. 


e A C=C is reduced faster than a C=O with H; (Pd-C). 
¢ AC=Ois readily reduced with NaBH, and LiAIH,, but a C=C is inert. 


Thus, 2-cyclohexenone, a compound that contains both a carbon-carbon double bond and a car- 
bonyl group, can be reduced to three different compounds—an allylic alcohol, a carbonyl com- 
pound, or an alcohol—depending on the reagent. 


NaBH,, CH30H OH 
two reducible H + NaBH; reduces the C=O 
functional groups selectively to form an allylic 
allylic alcohol alcohol. 
H, (1 equiv) ; 
O Pac O œ One equivalent of H reduces the 
C=C selectively to form a ketone. 
ketone 
2-cyclohexenone 
H; (excess) OH 


* Excess Hp reduces both x 
Pd-C H bonds to form an alcohol. 
alcohol 
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Problem 20.7 Draw the products formed when CH;COCH,CH,CH=CHs is treated with each reagent: 
(a) LIAIH,, then H20; (b) NaBH, in CH3OH; (c) He (1 equiv), Pd-C; (d) H; (excess), Pd-C; 


Figure 20.2 


O 
Il 
NaBH, reductions used in — NaBH, Ha 
organic synthesis 3 
-CHOH three steps steps 


ibuprofen 


The male musk deer, a 
small antlerless deer found 
in the mountain regions of 
China and Tibet, has long 
been hunted for its musk, a 
strongly scented liquid used 
in early medicine and later 
in perfumery. 


(e) NaBH, (excess) in CH3OH; (f) NaBD, in CH3OH. 


The reduction of aldehydes and ketones is a common reaction used in the synthesis of many use- 
ful natural products. Two examples are shown in Figure 20.2. 


COOH 


(anti-inflammatory agent in 
Motrin and Advil) 


i OH 9 
A _NaBH4 
CHOH four steps 


muscone 


odor of musk 
(perfume component) 


e Muscone is the major compound in musk, one of the oldest known 
ingredients in perfumes. Musk was originally isolated from the male 
musk deer, but it can now be prepared synthetically in the laboratory 


in a variety of ways. 


20.5 The Stereochemistry of Carbonyl Reduction 


The stereochemistry of carbonyl reduction follows the same principles we have previously 
learned. Reduction converts a planar sp’ hybridized carbonyl carbon to a tetrahedral sp? 
hybridized carbon. What happens when a new stereogenic center is formed in this process? 
With an achiral reagent like NaBH; or LiAlHy, a racemic product is obtained. For example, 
NaBH, in CH3OH solution reduces 2-butanone, an achiral ketone, to 2-butanol, an alcohol that 
contains a new stereogenic center. Both enantiomers of 2-butanol are formed in equal amounts. 


Recalt from Section 9.15 that an 
achiral starting material gives 

a racemic mixture when a new 
stereogenic center is formed. 


Oo 
g 
CH3 ~CH,CH3 
2-butanone 


achiral starting material 


OH 
CH3 Ç CHCH 
H new stereogenic center 
2-butanol 


| Two enantiomers are formed. | 


IAA 


HO H H OH 
A » “f 
CH; “CH,CH, CHI ~CH,CH, 


(2S)-2-butanol (2A)-2-butanol 


Problem 20.8 


20.6 
20.6A 
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Why is a racemic mixture formed? Because the carbonyl carbon is sp” hybridized and planar, 
hydride can approach the double bond with equal probability from both sides of the plane, form- 
ing two alkoxides, which are enantiomers of each other. Protonation of the alkoxides gives an 
equal amount of two alcohols, which are also enantiomers. 

new bond | 


from O- H HO H 
the front -T B CH30H -T 
CHS ^CH;CH3 CHS ~CH»CHs 
HN, (28)-2-butanol 


Sal 
Ga | enantiomers 
ony “enantiomers | 
| new bond H O H OH 
= 5 T CH30H p T 


o Cc 
front en CHZ “CHCH; CH4 “CHCH; 
enin 
[NaBH; is the source (2A)-2-butanol 

of H:~.] 


e Conclusion: Hydride reduction of an achiral ketone with LiAIH, or NaBH, gives a 
racemic mixture of two alcohols when a new stereogenic center is formed. 


Draw the products formed (including stereoisomers) when each compound is reduced with NaBH, 
in CH3OH. 


O 
= a b: eee? c. chae )=0 


Enantioselective Carbonyl Reductions 
CBS Reagents 


One enantiomer can be formed selectively from the reduction of a carbonyl group, provided a 
chiral reducing agent is used. This strategy is identical to that employed in the Sharpless asym- 
metric epoxidation reaction (Section 12.15). A reduction that forms one enantiomer predomi- 
nantly or exclusively is an enantioselective or asymmetric reduction. 


Many different chiral reducing agents have now been prepared for this purpose. One such 
reagent, formed by reacting borane (BH3) with a heterocycle called an oxazaborolidine, has one 
stereogenic center (and thus two enantiomers). 


S Pi R 


O + BH, O + BH, 
N~g” N~g” 

\ \ 

CH, CH, 


(S)-2-methyl-CBS-oxazaborolidine (R)-2-methyl-CBS-oxazaborolidine 


(S)-CBS reagent (R)-CBS reagent 
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These reagents are called the (S)-CBS reagent and the (R)-CBS reagent, named for Corey, 
Bakshi, and Shibata, the chemists who developed these versatile reagents. One B—H bond of BH; 
serves as the source of hydride in this reduction. The stereochemistry of the new stereogenic 
center in the product is often predictable. For ketones having the general structure CsHsCOR, 
draw the starting material with the aryl group on the left side of the carbonyl, as shown with 
acetophenone. Then, to draw the product, keep in mind: 


e The (S)-CBS reagent delivers hydride (H77) from the front side of the C=O. This generally 
affords the R alcohol as the major product. 

© The (R)-CBS reagent delivers hydride (H77) from the back side of the C=O. This generally 
affords the S alcohol as the major product. 


HO H 
- f+— new C-H bond 


[1] (S)-CBS reagent SoH, 
[2] H2O 


O 
E major product 
Cy SCH, Risomer 
| new C-H bond KH OH 
acetophenone i mine 4 


[1] (R)-CBS reagent SoH, 
[2] HzO 


major product 
S isomer 


These reagents are highly enantioselective. Treatment of propiophenone with the (S)-CBS 
reagent forms the R alcohol in 97% enantiomeric excess (ee). Enantioselective reductions are 
key steps in the synthesis of several widely used drugs, including salmeterol, a long-acting bron- 
chodilator shown in Figure 20.3. This new technology provides access to single enantiomers of 
biologically active compounds, often previously available only as a racemic mixture. 


O HO p H p 
Jl % t 
C [1] (S)-CBS reagent Cc. Cc. 
or CHCH; IHO Cy CHCH; , Cy CH,CH, 
propiophenone R isomer S isomer 
97% ee —> 98.5% 1.5% 


Figure 20.3 Enantioselective reduction—A key step in the synthesis of salmeterol 


9 [1] (R)-CBS H. OH 
Br reagent NH(CH2)gO(CHa)4Ph 
[2] H2O four steps 
PhCH,O PhCH20 HO (F)-saimeteroi 
-salmeterol 
COOCH; trade name: Serevent 


HO 


e (R)-Salmeterol is a long-acting bronchodilator used for the treatment of asthma. 

e In this example, the (R)-CBS reagent adds the new H atom from behind, the same result observed 
with acetophenone and propiophenone. In this case, however, alcohol A has the R configuration 
using the rules for assigning priority in Chapter 5. 


Ezetimibe is sold as a 

single medication under the 
trade name of Zetia, or in 
combination with simvastatin, 
another cholesterol-lowering 
medication, and marketed 

as Vytorin. These drugs are 
prescribed for individuals who 
cannot tolerate or derive no 
benefit from other cholesterol- 
lowering medications (see 
Figure 30.12). 
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Problem 20.9 What carbonyl compound and CBS reagent are needed to prepare X, an 
intermediate in the synthesis of ezetimibe (trade name Zetia), a drug that lowers cholesterol levels 
by inhibiting its absorption in the intestines. 


Q. 
OH OH 
7 | a = load { 
F o Q F d O 
F F 


x ezetimibe 


OH 


20.6B Enantioselective Biological Reduction 


Although laboratory reduction reactions often do not proceed with 100% enantioselectivity, 
biological reductions that occur in cells always proceed with complete selectivity, forming a 
single enantiomer. NaBH; or chiral boranes are not the reducing agents for these processes. In 
cells, the reducing agent is NADH. 


the reactive part 


e JAn 
| | tI 2 
CH,0—P—O-P—O-CHa N N 
, o 
oO Oo 
NADH HO a ÒH 
(abbreviated structure) NADH one ON 


nicotinamide adenine dinucleotide 
(reduced form) 


NADH is a coenzyme, an organic molecule that can function only in the presence of an enzyme. 
The active site of the enzyme binds both the carbonyl substrate and NADH, keeping them in close 
proximity. NADH then donates H:" in much the same way as a metal hydride reagent; that is, 
reduction consists of nucleophilic attack followed by protonation. 


e In Step [1], NADH donates H: to the carbonyl! group to form an alkoxide. In the process, 
NADH is converted to NAD*. 
e In Step [2], the alkoxide is protonated by the aqueous medium. 


| Reduction with NADH n] P 2] l 
(OF | protonation :OH 


RoN : nucleophilic attack | 
Of) p | 


H H 
+ 
O H 
Ll 
HN | 
~i 
- R 


766 Chapter 20 


Pyruvic acid is formed 

during the metabolism of 
glucose. During periods of 
strenuous exercise, when 
there is insufficient oxygen 

to metabolize pyruvic acid to 
COs, pyruvic acid is reduced 
to lactic acid. The tired feeling 
of sore muscles is a result of 
lactic acid accumulation. 


Niacin can be obtained from 
foods such as soybeans, 
which contain it naturally, 

and from breakfast cereals, 
which are fortified with it to 
help people consume their 
recommended daily allowance 
of this B vitamin. 


LiAIH, is a strong, nonselective 
reducing agent. DIBAL-H and 
LIAIH[OC(CHg)s]3 are milder, 
more selective reducing 
agents. 


20.7A 
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This reaction is completely enantioselective. For example, reduction of pyruvic acid with NADH 
catalyzed by lactate dehydrogenase affords a single enantiomer of lactic acid with the S con- 
figuration. NADH reduces a variety of different carbonyl compounds in biological systems. The 
configuration of the product (R or S) depends on the enzyme used to catalyze the process. 


0 HO H H p" 
Ly ——NADH__, a. F < 
CH3 COOH (H* source) CH; “COOH CH3 COOH 
i ; lactate i í 
pyruvic acid {S)-lactic acid not formed 
dehydrogenase only product 


[* denotes a new stereogenic center] 


NAD*, the oxidized form of NADH, is a biological oxidizing agent capable of oxidizing 
alcohols to carbonyl compounds (it forms NADH in the process). NAD* is synthesized from the 
vitamin niacin, which can be obtained from soybeans among other dietary sources. 


oO 
g ll 
HO™ | N$ HN SZ 
a St 
‘ i 
niacin R 
vitamin B3 NAD* 


20.7 Reduction of Carboxylic Acids and Their Derivatives 


The reduction of carboxylic acids and their derivatives (RCOZ) is complicated because the prod- 
ucts obtained depend on the identity of both the leaving group (Z) and the reducing agent. Metal 
hydride reagents are the most useful reducing reagents. Lithium aluminum hydride is a strong 
reducing agent that reacts with all carboxylic acid derivatives. Two other related but more 
selective reducing agents are also used. 


[1] Diisobutylaluminum hydride, [(CH3),CHCH),],AIH, abbreviated as DIBAL-H, has two 
bulky isobutyl groups, which make this reagent less reactive than LiAlH,. The single H atom 
is donated as H:" in hydride reductions. 

[2] Lithium tri-tert-butoxyaluminum hydride, LiAIH[OC(CHs)3]3, has three electronegative 
oxygen atoms bonded to aluminum, which make this reagent less nucleophilic than LiA]H4. 


jan OC(CHa)s 
A-H = — [(CH,),CHCH,]AIH Lit H“AF-OC(CHs), = LiAIH[OC(CH,)ala 
7 diisobutylaluminum hydride OC(CHs)3 


DIBAL-H lithium tri-tert-butoxyaluminum hydride 


Reduction of Acid Chlorides and Esters 


Acid chlorides and esters can be reduced to either aldehydes or alcohols, depending on the 


reagent. 
fe) 
| Acld chloride | j 
aos 


Cl 6 
oi [H] j 
ay or RCH,OH 
— 1} 
Ester i aldehyde 1° alcohol 
AMN 
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e LiAIH, converts RCOCI and RCOOR' to alcohols. 


e A milder reducing agent (DIBAL-H or LiAIH[OC(CHs)3]z) converts RCOCI or RCOOR' to 
RCHO at low temperatures. 


strong reducing agent 


ees : 

Reduction of [1] LiAIH, -——- 

acid chlorides CHCH CHOH © 1° alcohol 

L m [2] H0 dai 
| 


CHCH Cl 


O= 


[1] LIAIH[OC(CH3)s]3 j 


F “aldeh de | 
[2] H,O CH,CHZ `H | aldehy 


mild reducing agent 


0O=0 


In the reduction of an acid chloride, CI comes off as the leaving group. 


r strong reducing agent 
Reduction of 
esters [1] LiAIH, 


i AT) 
CH3CHsCH2CH,OH + CH3OH | 1° alcohol | 


9 [2] H20 
pon 
CH3CH,CH; OCH, 
O 
[1] DIBAL-H 7 poaa 
Cx + CH,0OH | aldehyde 
[2] HzO CH3CH,CH; `H _ aldehyde | 


mild reducing agent 


In the reduction of the ester, CH;0° comes off as the leaving group, which is then protonated by 
H,0 to form CH30H. 


Mechanism 20.4 illustrates why two different products are possible. It can be conceptually 
divided into two parts: nucleophilic substitution to form an aldehyde, followed by nucleophilic 
addition to the aldehyde to form an alcohol. A general mechanism is drawn using LiAIHy, as 
reducing agent. 


{ò Mechanism 20.4 Reduction of RCOCI and RCOOR' with a Metal Hydride Reagent 


Part [1] Nucleophilic substitution forms an aldehyde. 


¢ Nucleophilic attack of H: (from LiAIH,) in 


| a o 
Hi : 
i eaving group | Step [1] forms a tetrahedral intermediate 


P 6:5 ‘0: with a leaving group Z. 
RAZ m . aes fj 12] ó Fount + Z eè In Step [2], the 2 bond is re-formed and 
HeAIH H SI A] Z- comes off. The overall result of the 
3 = aldehyde ` pepraces £: addition of H: and elimination of Z~ is the 
i 3 substitution of H for Z. 
[z = Cl, OR ] substitution product 


Part [2] Nucleophilic addition forms a 1° alcohol. 


:0: O ù 4 :OH e Nucleophilic attack of H: (from LiAIH,) in 
i = dis i 
E q = REGCH R-C-H + “ÖH Step [3] forms an alkoxide. 
Rf OH [3] i [4] i e Protonation of the alkoxide by H2O 
HaAl—H in Step [4] forms the alcohol reduction 


+ AIH o 
3 M or ae product. The overall result of Steps [3] and 


This intermediate has [4] is addition of H2 
no leaving group. i 
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With less nucleophilic reducing agents such as DIBAL-H and LiAJH[OC(CH3)3]3, the process 
stops after reaction with one equivalent of H: and the aldehyde is formed as product. With a 
stronger reducing agent like LiAlH4, two equivalents of H: are added and an alcohol is formed. 


Problem 20.10 Draw a stepwise mechanism for the following reaction. 
[1] LiAIH, 
CH,COC! ——————+ _ CH,CH,OH 
[2] HO 


Problem 20.11 Draw the structure of both an acid chloride and an ester that can be used to prepare each 
compound by reduction. 


CHOH 
a. (Conon b. OH č. LY 
CH,O 


Selective reductions are routinely used in the synthesis of highly complex natural products 
such as ciguatoxin CTX3C, a potent neurotoxin introduced in the chapter opener. One reaction 
in a synthesis of ciguatoxin CTX3C involved the reduction of an ester to an aldehyde using 
DIBAL-H, as shown in Figure 20.4. 


Figure 20.4 

The DIBAL-H reduction of Colter 

an ester to an aldehyde in 
the synthesis of the marine 
neurotoxin ciguatoxin CTX38C 


Vee, 


Te 


| [1] DIBAL-H 


[2] H,O Only the ester is reduced. 
2 


ciguatoxin CTX3C 


® One step in a lengthy synthesis of ciguatoxin CTX8C involved selective reduction of an ester to an 
aldehyde using DIBAL-H. 
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20.7B Reduction of Carboxylic Acids and Amides 


Carboxylic acids are reduced to alcohols with LiAIH,. LiAlH, is too strong a reducing agent 
to stop the reaction at the aldehyde stage, but milder reagents are not strong enough to initiate the 
reaction in the first place, so this is the only useful reduction reaction of carboxylic acids. 


| Reduction of a i [1] LiAIH 
| carboxylic acid -CS — 1 RCH,OH 
R OH [2] HO 


1° alcohol 


| Example | E [1] LiAIH, 


Z CH3CH2CH,CH,OH 
CH3CH2CH;3 à OH [2] H2O Se ae 


t 


Two C—O bonds are replaced by C-H bonds. 


= 


Unlike the LiAl]H, reduction of all other carboxylic acid derivatives, which affords alcohols, the 
LiAIH, reduction of amides forms amines. 


ide | (0) 
Reduction of an amide ii LIAIH 
Ag MOA Roe 


R N [2] HzO 
| H(R') 
| Both C-O bonds are replaced by C-H bonds. | 
Both C-O bonds are reduced to C-H bonds by LiAlH,, and any H atom or R group bonded to 
the amide nitrogen atom remains bonded to it in the product. Because NH; (or NHR or NR3) 
is a poorer leaving group than Cl or OR, NH; is never lost during reduction, and therefore it 
forms an amine in the final product. 


N-H(R}) | amine , 
| HR’) L Tine 


_ Examples | Q FDAN 9 nite ——— 
co oa aan Co _ LTD LIA IH, CH3NHCH3; 
chch? [AHA pmo © Ooo Nie) Cy "NHCHs) 1) H,O or wisn) 


Imines and related compounds 
are discussed in Chapter 21. 


The mechanism, illustrated in Mechanism 20.5 with RCONH) as starting material, is somewhat 
different than the previous reductions of carboxylic acid derivatives. Amide reduction proceeds 
with formation of an intermediate imine, a compound containing a C-N double bond, which 
is then further reduced to an amine. 


e Mechanism 20.5 Reduction of an Amide to an Amine with LiAIH, 


Part [1] Reduction of an amide to an imine 


‘0: „= -ÀlH _AIHs e In Part [1], the amide is 
én fe AH, “9% “Ah; ‘0% ir u R converted to an imine by proton 
ROL E Axi, “a eau a PONH =y Jo=NH transfer, nucleophilic attack of 
Mo R RQH Bo M HO H7, and loss of (AIH,O)*. 
+ Hp = imine ; < _ 
H2AI—H + e The polarized C=N of an imine 
AIHs :6—AlH, makes it susceptible to 


nucleophilic attack. 


Part [2] Reduction of an imine to an amine 


R Ho a HER, H e Nucleophilic attack of H7 
ga — eh Zo pet Hi, + 36H (from LiAIH,) in Step [5], 
H3AI—H ae [5] L S [6] | followed by protonation forms 
3 H H 


the amine. The overall result of 
+ AlHg e Steps [5] and [6] is addition of 
Ho to the intermediate imine. 
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Problem 20.12 Draw the products formed from LiAIH, reduction of each compound. 


T 
fe) o Lig 
ppl sa Pie N(CHs)2 NH 
a. OH b. NH o d. 


Problem 20.13 What amide(s) will form each of the following amines on treatment with LiAIH,? 


CH NH, ye CheCHs 
| 
a. Cy b. oe c. CHsCHNHC(CHa)s 


20.77 A Summary of the Reagents for Reduction 


The many available metal hydride reagents reduce a wide variety of functional groups. Keep 
in mind that LiAIH, is such a strong reducing agent that it nonselectively reduces most polar 
functional groups. All other metal hydride reagents are more selective, and each has its particular 
reactions that best utilize its reduced reactivity. The reagents and their uses are summarized in 
Table 20.1. 


Problem 20.14 What product is formed when each compound is treated with either LiAIH, (followed by H20), or 
NaBH, in CHOH? 


Ọ fe) fe) CH,0. o 
a e Po 3 CH,O OH CY 


Problem 20.15 What product is formed when (CH3)sC =CHCH,COCH,CH2CO,CH.CH; is treated with each reagent: 
(a) H2 (1 equiv), Pd-C; (b) Hs (2 equiv), Pd-C; (c) LiAIH,, followed by H20; (d) NaBH,, CH30H? 


Table 20.1 A Summary of Metal Hydride Reducing Agents Es 


Reagent Starting material -> Product 
Strong reagent LiAIH, RCHO > RCH2OH 
RCO = ReCHOH 
RCOOH > RCH2OH 
RCOOR' > RCH2OH 
RCOC! > RCH20OH 
RCONH2 = RCH2NH, 
Milder reagents NaBH, RCHO > RCH2OH 
RCO > R2CHOH 
LIAIH[OC(CHs)s]g RCOC! > RCHO 
DIBAL-H RCOOR' — RCHO 
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20.8 Oxidation of Aldehydes 


Aldehydes give a positive 
Tollens test; that is, they react 
with Ag* to form RCOOH 

and Ag. When the reaction is 
carried out in a glass flask, a 
silver mirror is formed on its 
walls. Other functional groups 
give a negative Tollens test, 
because no silver mirror forms. 


Problem 20.16 


Problem 20.17 


20.9 


The most common oxidation reaction of carbonyl compounds is the oxidation of aldehydes 
to carboxylic acids. A variety of oxidizing agents can be used, including CrO3, NayCr,0,, 
K,Cr,O;, and KMnO,. Cr* reagents are also used to oxidize 1° and 2° alcohols, as discussed 
in Section 12.12. Because ketones have no H on the carbonyl carbon, they do not undergo this 
oxidation reaction. 


Aldehydes are oxidized selectively in the presence of other functional groups using silver(I) 
oxide in aqueous ammonium hydroxide (Ag,O in NH,OH). This is called Tollens reagent. 
Oxidation with Tollens reagent provides a distinct color change, because the Ag* reagent is 
reduced to silver metal (Ag), which precipitates out of solution. 


SS g O (0) 
| Oxidation F: a o 
| Of CHO | CH,CH2CHe `H  H,SO4, HzO CH,CH,CH; `OH 


(@) 
C~ Ag, NHOH Crai 
+ Ag 
HO HO silver mirror 


Only the aldehyde is oxidized. 


+. Gre 


What product is formed when each compound is treated with either Ag20, NH4OH or NazCr20,, 
H2SO,4, H20: (a) CgHsCH2OH; (b) CH3CH(OH)CH2CH2CH2CHO? 


Review the oxidation reactions using Cr** reagents in Section 12.12. Then, draw the product 
formed when compound B is treated with each reagent. 


OH a. NaBH,, CHOH d. AgsO, NH4OH 
CHO b, [1] LIAIH4; [2] H2O e. CrO3, HeSOx, H2O 
HO c. PCC 
B 


Organometallic Reagents 


We will now discuss the reactions of carbonyl compounds with organometallic reagents, another 
class of nucleophiles, 


e Organometallic reagents contain a carbon atom bonded to a metal. 


2_—$ $$, |— 
| Organometallic reagents | =C-M,, = | R-M Most common metals: 
- Sja 8 : M = Li, Mg, Cu 
| M = metal 
polar bond 


Lithium, magnesium, and copper are the most commonly used metals in organometallic reagents, 
but others (such as Sn, Si, TI, Al, Ti, and Hg) are known. General structures of the three common 
organometallic reagents are shown. R can be alkyl, aryl, allyl, benzyl, sp” hybridized, and with 


772 


Electronegativity values for 
carbon and the common 
metals in R-M reagents are 
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M =Lior Mg, sp hybridized. Because metals are more electropositive (less electronegative) than 
carbon, they donate electron density towards carbon, so that carbon bears a partial negative 
charge. 


| 


R-Li |  R—Mg—X | ie Lit | 


organolithium organomagnesium reagents organocopper reagents 
reagents or or 
Grignard reagents organocuprates 


e The more polar the carbon-metal bond, the more reactive the organometallic reagent. 


Because both Li and Mg are very electropositive metals, organolithium (RLi) and organomag- 
nesium reagents (RMgX) contain very polar carbon—metal bonds and are therefore very reactive 
reagents. Organomagnesium reagents are called Grignard reagents, after Victor Grignard, who 
received the Nobel Prize in Chemistry in 1912 for his work with them. 


Organocopper reagents (R,CuLi), also called organocuprates, have a less polar carbon—metal 
bond and are therefore less reactive. Although organocuprates contain two alkyl groups bonded 
to copper, only one R group is utilized in a reaction. 


C (2.5), Li (1.0), Mg (1.3), and Regardless of the metal, organometallic reagents are useful synthetically because they react as if 


Cu (1.8). 


they were free carbanions; that is, carbon bears a partial negative charge, so the reagents react 
as bases and nucleophiles. 


—C-—M reacts like 


carbanion 


a base and a nucleophile 


20.9A Preparation of Organometallic Reagents 


Organolithium and Grignard reagents are typically prepared by reaction of an organic halide 
with the corresponding metal, as shown in the accompanying equations. 


Organolithium reagents | Grignard reagents | 


General reaction R-X + 2Li——> R-Li + LiX R—X + Mg R—Mg—X 
(CH3CH3)20 
Eai] CH;—-Br + 2Li—> CH—Li + LiBr | CH,;—Br + Mg CH3;—Mg—Br 
methyllithi (CH3CH32)20 i 
yllithium methylmagnesium 
bromide 


With lithium, the halogen and metal exchange to form the organolithium reagent. With mag- 
nesium, the metal inserts in the carbon-halogen bond, forming the Grignard reagent. Grignard 
reagents are usually prepared in diethyl ether (CH;CH,OCH,CHsS) as solvent. It is thought that 
two ether oxygen atoms complex with the magnesium atom, stabilizing the reagent. 


CH3CHp, : CH,CH, 


Q 
R—Mg—X Two molecules of diethyl ether complex with 
$ the Mg atom of the Grignard reagent. 


20s 
CH3CH3 * CH,CHg 


Problem 20.18 


20.9B 


Problem 20.19 


20.9C 
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Organocuprates are prepared from organolithium reagents by reaction with a Cu* salt, often Cul. 


| Organocopper reagents 
| General reaction | 2R—Li + Cul 


| Example 2CH3—Li + Cul 


Write the step(s) needed to convert CH3CH»Br to each reagent: (a) CHaCH3Li; (b) CHzCH2MgBr; 
(c) (CH3CH2)oCuLi. 


i 
CH3;—Cu Lit + L 
lithium dimethyl cuprate 


Acetylide Anions 


The acetylide anions discussed in Chapter 11 are another example of organometallic com- 
pounds. These reagents are prepared by an acid-base reaction of an alkyne with a base such as 
NaNH, or NaH. We can think of these compounds as organosodium reagents. Because sodium 
is even more electropositive (less electronegative) than lithium, the C -Na bond of these organo- 
sodium compounds is best described as ionic, rather than polar covalent. 


an ionic carbon—sodium bond 
A aea y 
R-C=C-H + Na*t-NH, ==> R-C=C: Nat + NH3 


acetylide anion 
an organosodium compound 


An acid-base reaction can also be used to prepare sp hybridized organolithium compounds. 
Treatment of a terminal alkyne with CH3Li affords a lithium acetylide. Equilibrium favors the 
products because the sp hybridized C—H bond of the terminal alkyne is more acidic than the sp? 
hybridized conjugate acid, CH4, that is formed. 


R-c=¢LW’4 CHL => Rost + CHa 
pK, = 25 base a lithium acetylide pKa = 50 


stronger acid weaker acid 


1-Octyne (HC=CCH2,CH2CH2CH2CH2CHs) reacts rapidly with NaH, forming a gas that bubbles out 
of the reaction mixture, as one product. 1-Octyne also reacts rapidly with CH,MgBr, and a different 
gas is produced. Write balanced equations for both reactions and identify the gases formed. 


Reaction as a Base 


e Organometallic reagents are strong bases that readily abstract a proton from water to 
form hydrocarbons. 


The electron pair in the carbon—metal bond is used to form a new bond to the proton. Equilib- 
rium favors the products of this acid-base reaction because HO is a much stronger acid than the 
alkane product. 


chi + HSH ==> CHH + Lit 76H 
base acid = 
pK, = 15.7 pig=50 


stronger acid a very weak acid 
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Similar reactions occur for the same reason with the O-H proton in alcohols and carboxylic 
acids, and the N—H protons of amines. 


| strong bases | _ acidic proton | 


= | : 
A 
CH;CH;CH l + m Po CHs —+ CH,CH,CH»-H + — ‘C-CH, 
H-Q: Lit 70: 


Because organolithium and Grignard reagents are themselves prepared from alkyl halides, a two- 
step method converts an alkyl halide into an alkane (or another hydrocarbon). 


ROX | M R—M ka A R-H | 


alkyl halide alkane 


© 


Draw the product formed when each organometallic reagent is treated with H20. 
MgBr ; 
a. Li b. (CHs)s3CMgBr G d. CH3sCH,C=C—Li 


20.9D Reaction as a Nucleophile 


Organometallic reagents are also strong nucleophiles that react with electrophilic carbon 
atoms to form new carbon—carbon bonds. These reactions are very valuable in forming the car- 
bon skeletons of complex organic molecules. The following reactions of organometallic reagents 
are examined in Sections 20.10, 20.13, and 20.14: 


[1] Reaction of R -M with aldehydes and ketones to afford alcohols (Section 20.10) 


(0) OH 
ii [1] R"—M l 
mA i RACAR) 
R CHIR) [2] HO te 
aldehyde or ketone 1°, 2°, or 3° alcohol 


Aldehydes and ketones are converted to 1°, 2°, or 3° alcohols with R"Li or R"MgX. 


[2] Reaction of R-M with carboxylic acid derivatives (Section 20.13) 


OH 
? [1] R"—M ? 
AC oe Bol or R-C—R" 
ROZ [2] H2O A OCR" i 
Z= Clor OR' ketone 3° alcohol 


Acid chlorides and esters can be converted to ketones or 3° alcohols with organometallic 
reagents. The identity of the product depends on the identity of R" -M and the leaving group Z. 
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[3] Reaction of R- M with other electrophilic functional groups (Section 20.14) 


[1] C0, i 
[2] H30* R `OH 
carboxylic acid 
; OH 
2 / 
Sb— Gu, 
[2] H2O äl y 
alcohol 


Organometallic reagents also react with CO; to form carboxylic acids and with epoxides to form 
alcohols. 


20.10 Reaction of Organometallic Reagents with Aldehydes 
and Ketones 


Treatment of an aldehyde or ketone with either an organolithium or Grignard reagent fol- 
lowed by water forms an alcohol with a new carbon—carbon bond. This reaction is an addi- 
tion reaction because the elements of R" and H are added across the z bond. 


| General reaction Ọ R"M OH i 
| il 9X H20 
aes ers HR’) addition of 


| 
AHIR) or ee R" and H 
R'Li R" J 
aldehyde or ketone — . 
new C-C bond l 


1°, 2°, or 3° alcohol 


20.10A General Features 


This reaction follows the general mechanism for nucleophilic addition (Section 20.2A)—that is, 
nucleophilic attack by a carbanion followed by protonation. Mechanism 20.6 is shown using 
R"MgX, but the same steps occur with organolithium reagents and acetylide anions. 


[Š Mechanism 20.6 Nucleophilic Addition of R"MgX to RCHO and R,C=O 


ses wae AÀ a e In Step [1], the nucleophile (R") attacks the 
0 aH a i carbonyl carbon and the z bond cleaves, forming 
BX. —> R—C-H(R’) > R ° H(R’) an alkoxide. This step forms a new carbon- 


EP R i be [2] R" carbon bond. 
e In Step [2], protonation of the alkoxide by H2O 


h 
R"—MgX + MgX+* 
alcohol a 3 : 
— addition product forms the alcohol addition product. This acid-base 
nucleophilic attack | protonation | reaction forms a new O-H bond. 


+ 70H 
2 e The overall result is addition of (R") (from R"MgX) 
and H* (from H20) to the carbonyl! group. 


N 
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This reaction is used to prepare 1°, 2°, and 3° alcohols, depending on the number of alkyl 
groups bonded to the carbonyl carbon of the aldehyde or ketone. 


ss oS C9 on OH 
[1] Formaldehyde | ~ 7 4 es H,O a d i 
rd | |<——_ new C-C bond 
R"Lmgx R" R" i b 


1° alcohol 


co _ 
_ [2] Other aldehydes com 4 H,O QH 
7 H > R-C-H >  R-C-H 


| ] 
| | <——— new C-C bond | 


R"—MgX R" R L — 
2° alcohol 
O 
ne | E eg OH 
3] Ketones | H,O | 
dd a R' > R-C-R' a e R=-G-R' 


I | <—_. = 
ba i new C-C bond - 


3° alcohol 


[1] Addition of R"MgX to formaldehyde (CH2= O) forms a 1° alcohol. 
[2] Addition of R"MgxX to all other aldehydes forms a 2° alcohol. 
[3] Addition of R"MgX to ketones forms a 3° alcohol. 


Each reaction results in addition of one new alkyl group to the carbonyl carbon, and forms one 
new carbon-carbon bond. The reaction is general for all organolithium and Grignard reagents, 
and works for acetylide anions as well, as illustrated in Equations [1]-[3]. 


g CH3—MgBr O HO Qr 
[1] yy n H-Ç-H Het 
formaldehyde ont Chis 
1° alcohol 
g 
G - 
ei m e ga 
CHCH3 CH CH3 
benzaldehyde 
2° alcohol 
CH CH 
ý 4 
0 -o d Ho C 
HC=C-Li H20 
[3] 
cyclohexanone 
3° alcohol 


Because organometallic reagents are strong bases that rapidly react with H,O (Section 20.9C), the 
addition of the new alkyl group must be carried out under anhydrous conditions to prevent traces 
of water from reacting with the reagent, thus reducing the yield of the desired alcohol. Water is 
added after the addition to protonate the alkoxide. 


Draw the product of each reaction. 


a eS 


[1] CHsCHsCHbLi [1] CeHsLi 


Ò [2] H20 [2] HO 
1 Li 
b T ng > d p ae ag me eee 
“HSH ERO iA LS Na" BHO 
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20.10B Stereochemistry 


Like reduction, addition of organometallic reagents converts an sp” hybridized carbonyl car- 
bon to a tetrahedral sp? hybridized carbon. Addition of R-M always occurs from both sides 
of the trigonal planar carbonyl group. When a new stereogenic center is formed from an 
achiral starting material, an equal mixture of enantiomers results, as shown in Sample 
Problem 20.1. 


Sample Problem 20.1 Draw all stereoisomers formed in the following reaction. 


E [1] CHaMgBr 
CHCH% `CH2CH;CH; — HO 


Solution 

The Grignard reagent adds from both sides of the trigonal planar carbonyl group, forming two 
alkoxides, each containing a new stereogenic center. Protonation with water yields an equal 
amount of two enantiomers —a racemic mixture. 


from CH3 CHa 
above l. H20 å 
CH3—MgBr CHCH PN g- CHCH PN oH 
CH,CH,CH2 CH,CH,CH, 
CH,Chp,, — ; 
È> O enantiomers enantiomers 
CH3CHCH4 A — — — 
/ o- OH 
k H20 i 
CH3—MgBr me CH3CH2" N op ——> ome" — 
below  CH3CHCH3 a CH,CH,CH> $ 


[* denotes a stereogenic center] 


Problem 20,22 Draw the products (including stereochemistry) of the following reactions. 
(6) 
i [1] CHaCH;MgBr [1] CHsCHpLi 
a. We. eR b. CH3 Q — mA F 
CHÍ `H [2] H2O [2] H2O 


20.10C Applications in Synthesis 


Many syntheses of useful compounds utilize the nucleophilic addition of a Grignard or organo- 
lithium reagent to form carbon—carbon bonds. For example, a key step in the synthesis of ethy- 
nylestradiol (Section 11.4), an oral contraceptive component, is the addition of lithium acetylide 
to a ketone, as shown in Figure 20.5. 


Figure. 20.5 ~ addition occurs here. 
The synthesis of ethynylestradiol 


ai C=H C=C 
_[1] HC=C-Li | C-Li 
[2] ~~ Bo one one step 


ethynylestradiol 
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The synthesis of Cs juvenile hormone, a member of a group of structurally related molecules that 
regulate the complex life cycle of an insect, is another example. The last steps of the synthesis 
are outlined in Figure 20.6. 


Figure 20.6 

Cig juvenile hormone Q N an COOCH, CHS a zas COOCH} 

CI A Cl B 

CH3;—MgCl | 
HzO 
KCO; 
SS S-COOCH, <—— CH3 SS Ss COOCH, 
O ae OH 
C1 juvenile hormone Cl 


new C—C bond © 


e Addition of CH3MgCl to ketone A gives an alkoxide, B, which is protonated with H2O to form 3° 
alcohol C. Although the ester group (-COOCHs) can also react with the Grignard reagent (Section 
20.13), it is less reactive than the ketone carbonyl. Thus, with control of reaction conditions, 
nucleophilic addition occurs selectively at the ketone. 

e Treatment of halohydrin C with KCO; forms the C4s juvenile hormone in one step. Conversion of a 
halohydrin to an epoxide was discussed in Section 9.6. 


Juvenile hormones maintain the juvenile stage of an insect until it is ready for adulthood. This 
property has been exploited to control mosquitoes and other insects infecting livestock and crops. 
Although juvenile hormone itself is too unstable in light and too expensive to synthesize for use in 
controlling insect populations, related compounds, called juvenile hormone mimics, have been 
used effectively. Application of these synthetic hormones to an egg or larva of an insect prevents 
maturation. With no sexually mature adults to propagate the next generation, the insect population 
is reduced. The best known example of a synthetic juvenile hormone is called methoprene, sold 
under such trade names as Altocid, Precor, and Diacon. Methoprene is used in cattle salt blocks to 
control hornflies, in stored tobacco to control pests, and on dogs and cats to control fleas. 


Juvenile hormones regulate the 
life cycle of the cecropia moth. 


~ + Bd 
Cr Tad = 4 


Pi F l | i; 
e i tind N = Ad >t o à 


l 


Pad 


S 
€ g 


dj # 


«ee 


methoprene 
juvenile hormone mimic 


20.11 Retrosynthetic Analysis of Grignard Products 


To use the Grignard addition in synthesis, you must be able to determine what carbonyl and 
Grignard components are needed to prepare a given compound—that is, you must work back- 
wards, in the retrosynthetic direction. This involves a two-step process: 
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Step [1] Find the carbon bonded to the OH group in the product. 


Step [2] Break the molecule into two components: One alkyl group bonded to the carbon 
with the OH group comes from the organometallic reagent. The rest of the 
molecule comes from the carbonyl component. 


| Two components needed 


[OH ] ? 
mememe =. 
LEGE] AES 


= e + 
| new C-C bond | | R | = RMgX 


For example, to synthesize 3-pentanol [(CH3;CH,),CHOH] by a Grignard reaction, locate the 
carbon bonded to the OH group, and then break the molecule into two components at this 
carbon. Thus, retrosynthetic analysis shows that one of the ethyl groups on this carbon comes 


from a Grignard reagent (CH;CH,MgX), and the rest of the molecule comes from the carbonyl 
component, a three-carbon aldehyde. 


Product of 
| Grignard addition 


i = z —_ 
_ Retrosynthetic analysis for preparing 3-pentanol 


Form this new bond 


by Grignard addition. 
C OH 
ORAON OHCH CHCH- C—CH;CH3 
H i 
3-pentanol | a 
three-carbon aldehyde 
| CHgCH,MgBr | 
two-carbon 


Grignard reagent 


Then, writing the reaction in the synthetic direction—that is, from starting material to product— 
shows whether the analysis is correct. In this example, a three-carbon aldehyde reacts with 


CH3CH,MgBr to form an alkoxide, which can then be protonated by H,O to form 3-pentanol, 
the desired alcohol. 


In the synthetic direction: | ————_—— 
L | new C-C bond | 


—— ————— 


or OH 
Os H2O | 
CHCH Mox © i —— > CH,CH,—C—CH,CH, —2> CH,CH,—C—CH,CHs 
H” “CHCH; l tt 
3-pentanol 


There is often more than one way to synthesize a 2° alcohol by Grignard addition, as shown in 
Sample Problem 20.2. 


Sample Problem 20.2 Show two different methods to synthesize 2-butanol using a Grignard reaction. 


OH 
CHo-Ç—CH;CH == 
H 
2-butanol 
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Solution 


Because 2-butanol has two different alkyl groups bonded to the carbon bearing the OH group, 
there are two different ways to form a new carbon-carbon bond by Grignard addition. 


Possibility [1] Use CH3MgX and a 
three-carbon aldehyde. 


Possibility [2] Use CH3CH,MgX and a 
two-carbon aldehyde. 


Form this new C-C bond. Form this new C-C bond. 


=a 


| 
| CHy0—CH,CH, | CHs—CCH;CH, | 


Ll I l 


i 
C. | + CHoCHM9X 


OH 


ll 
CHsMgX + C, j 
slate H CHCH; CH; 


Both methods give the desired product, 2-butanol, as can be seen by writing the reactions from 
starting material to product. 


| new C—C bond | 
Os |o 
rT ff o™Ni- | 
Possibility [1] CHy—MgX LC. —— CH;—C—CH,CH, 
Possibility [1] | H“ ~CH,CHy I 
OH 
H2O i 
Chee GRGE 
H 
a 
- — c9 l 
"Possibility [2] wo g CHASM —+ CH;—C—CH,CH, 
giant Al CH; ^H i 
H 
new C—C bond 


What Grignard reagent and carbonyl compound are needed to prepare each alcohol? As shown 
in part (d), 3° alcohols with three different R groups on the carbon bonded to the OH group can be 
prepared by three different Grignard reactions. 

OH 


OH CHOH QH 
a CHs-G—CHs b. or c. C Yp orcn 
H 


CO 


H 


(two methods) (three methods) 


Problem 20.24 — Linalool and lavandulol are two of the major components of lavender oil. (a) What organolithium 
reagent and carbonyl compound can be used to make each alcohol? (b) How might lavandulol be 
formed by reduction of a carbonyl compound? (c) Why can’t linalool be prepared by a similar pathway? 


P ih ies 
SS ZA 
linalool 
(three methods) lavandulol 


Linalool and lavandulol 
(Problem 20.24) are two of 
the over 300 compounds that 
determine the characteristic 
fragrance of lavender. 
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Promlers 20.25 What Grignard reagent and carbonyl compound can be used to prepare the antidepressant 
venlafaxine (trade name Effexor)? 


N(CH3)5 
OH 


OCH, 
venlafaxine 


20.12 Protecting Groups 


Although the addition of organometallic reagents to carbonyls is a very versatile reaction, it can- 
not be used with molecules that contain both a carbonyl group and N-H or O-H bonds, 


Rapid acid-base reactions e Carbonyl compounds that also contain N—-H or O-H bonds undergo an acid-base 
occur between organometallic reaction with organometallic reagents, not nucleophilic addition. 

reagents and all of the 

following functional groups: Suppose, for example, that you wanted to add methylmagnesium chloride (CH;MgCl) to the 
ROH, RCOOH, RNH2, R2NH, carbonyl group of 5-hydroxy-2-pentanone to form a diol. Nucleophilic addition will not occur 


RCONH2, RCONHR, and RSH. with this substrate. Instead, because Grignard reagents are strong bases and proton transfer 
reactions are fast, CH,3MgCl removes the O-H proton before nucleophilic addition takes 
place. The stronger acid and base react to form the weaker conjugate acid and conjugate base, as 
we learned in Section 20.9C. 


CH3MgCl does not add to the carbonyl group. | 
CHy“Mmgci NODS H,0 OH 


2c x< L 

CH;  ~CH;CH,CH,OH CHy-G—CH,CH,CH2OH 
CHa 

4-methyl-1,4-pentanediol 


5-hydroxy-2-pentanone 


product of nucleophilic addition 


CH3MgCl acts like a base, not a nucleophile. | 
oO 


? ll 
(o pat Bx. 
CHS SCH,CH,CH,OLH*” + CH,“MgCl ———> CH ~CH,CH,CH,O- + CH,—H + (MgCl) 


stronger acid base product of weaker acid 
proton transfer 


Solving this problem requires a three-step strategy: 


Step{1] Convert the OH group into another functional group that does not interfere with the desired 
reaction. This new blocking group is called a protecting group, and the reaction that creates it is 
called protection. 


Step [2] Carry out the desired reaction. 


Step [3] Remove the protecting group. This reaction is called deprotection. 
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Application of the general strategy to the Grignard addition of CH;MgCl to 5-hydroxy-2- 
pentanone is illustrated in Figure 20.7. 


Figure 20,7 (ee no acidic OH proton 
g , fe) Step [1] fe) | 
General strategy for using a g Protection g = 
protecting group CH CH,CH,CH,OH |= ————+ CH “CH,CH,CH,O—PG | 
5-hydroxy-2-pentanone 
| Step [2] [1] CHgMgC! 
Í i Saar | Cc t the reaction. 
new C—C bond | ASA aia le [2] H2O 
low 

CH3g-C—CH2CH,CH,0H > ua Qh == 

Cha | Step [3] CHg~C—CH2CH2CH,O-PG | 
Deprotection CH 
eA 3 


4-methyl-1,4-pentanediol 
| PG = a protecting group] 


e In Step [1], the OH proton in 5-hydroxy-2-pentanone is replaced with a protecting group, written as 
PG. Because the product of Step [1] no longer has an OH proton, it can now undergo nucleophilic 
addition. 

e In Step [2], CHsMgCl adds to the carbonyl group to yield a 3° alcohol after protonation with 
water. 

e Removal of the protecting group in Step [3] forms the desired product, 4-methyl-1,4-pentanediol. 


A common OH protecting group is a silyl ether. A silyl ether has a new O-Si bond in place of 
the O-H bond of the alcohol. The most widely used silyl ether protecting group is the tert- 
butyldimethylsily] ether. 


j qho 
R-O-H —~ B-Ore en R—0-$Și—C(CHa)s = R—O-TBDMS 
R CH3 
silyl ether tert-butyldimethyisilyl 
ether 
abbreviated as 
TBDMS ether 


tert-Butyldimethylsilyl ethers are prepared from alcohols by reaction with tert-butyldimethylsily1 
chloride and an amine base, usually imidazole. 


= ; CHs OF —_ 
| Protection | R-O-H + Cl-Si-C(CH)) -——— -> R-O-Si-C(CHs)g 
| imidazole | NA 


CH3 CH3 


tert-butyldimethylsily Í R-0-TBDMS | imidazole 
chloride eae |) 


tert-butyldimethylsily| 
ether 


The silyl ether is typically removed with a fluoride salt, usually tetrabutylammonium fluoride 


(CH3;CH,CH,CH,),N* F>. 
i (CHsCHCH;CHa)4N* F- ies 
jecemeieceon | R-O-Si-C(CHjJg ROH + F-Si—C(CHs) 
CHa CH3 
tert-butyldimethylsily| The alcohol is regenerated. 


ether 
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The use of a tert-butyldimethylsilyl ether as a protecting group makes possible the synthesis of 
4-methy]-1,4-pentanediol by a three-step sequence. 


rf F 
me CHz)3CSi(CH3)2Cl 2c. 
CH3 ~CH,CH,CH,OH co (SHOOK CH3 CHsCHs,CH,O—TBDMS 
imidazole 
5-hydroxy-2-pentanone 
| Step 21 | [2] [1] CH3MgCl 
= | [2] H2O 
OH 
| (CH3CH2CH2CH3)4N+ F- 
CHa-Ç-CH;CHCH2OH —— OH 
CH3 Step [3] a P 
3 


4-methyl-1,4-pentanediol 


¢ Step [1] Protect the OH group as a tert-butyldimethylsilyl ether by reaction with tert- 
butyldimethylsilyl chloride and imidazole. 

¢ Step [2] Carry out nucleophilic addition by using CH;MgCl, followed by protonation. 

e Step [3] Remove the protecting group with tetrabutylammonium fluoride to form the 
desired addition product. 


Protecting groups block interfering functional groups, and in this way, a wider variety of reactions 
can take place with a particular substrate. For more on protecting groups, see the discussion of 
acetals in Section 21.15. 


Problem 20.26 Using protecting groups, show how estrone can be converted to ethynylestradiol, a widely used 
oral contraceptive. 


O OH 
C=CH 


HO HO 
estrone ethynylestradiol 


20.13 Reaction of Organometallic Reagents with Carboxylic 
Acid Derivatives 


Organometallic reagents react with carboxylic acid derivatives (RCOZ) to form two different 
products, depending on the identity of both the leaving group Z and the reagent R-M. The most 
useful reactions are carried out with esters and acid chlorides, forming either ketones or 3° 


alcohols. 
(0) OH 
i [1] R"—M A | 
gis ————— Sii or R—C—R" 
Roz [2] HO RC R | 
R" 
Z = Cl or OR' ketone 3° alcohol 


e Keep in mind that RLi and RMgX are very reactive reagents, whereas R¿CuLi is much 
less reactive. This reactivity difference makes selective reactions possible. 
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20.13A Reaction of RLi and RMgX with Esters and Acid Chlorides 


Both esters and acid chlorides form 3° alcohols when treated with two equivalents of either 
Grignard or organolithium reagents. Two new carbon-carbon bonds are formed in the product. 


o Pearn OH 
_ General reaction | il R"Li or R"MgX H20 
R pi R- ozi 
R Z (2 equiv) PN new C-C bonds | 
Z=Clor OR' 3° alcohol 

fe} OH , new bond | 

—= it 
Examples O, CH3CH,MgCl H20 | 
| aa npiee c a ~oo CHs-G—CH,CHs 
(2 equiv) Z CHCH; 
new bond 


0 
II 


C P 
Soonon, MI, Ho. CV £ p 
(2 equiv) 


cn, new C—C bonds 


Problem 20.27 Draw the product formed when each compound is treated with two equivalents of CH3CH2CH2,CH,MgBr 
followed by H20. 


O 


i o 
i 


CL 
a C b OGHs G APA 
` CH,CH; Cl i i OCH,CH; 


The mechanism for this addition reaction resembles the mechanism for the metal hydride reduc- 
tion of acid chlorides and esters discussed in Section 20.7A. The mechanism is conceptually 
divided into two parts: nucleophilic substitution to form a ketone, followed by nucleophilic 
addition to form a 3° alcohol, as shown in Mechanism 20.7. 


eS Mechanism 20.7 Reaction of R"MgX or R"Li with RCOCI and RCOOR' 


Part [1] Nucleophilic substitution forms a ketone. 


Nucleophilic attack of (R") (from R"MgX) in 


— 
leaving OUR Step [1] forms a tetrahedral intermediate with 


ia ae / ʻO; a leaving group Z. 
Š CZ 20 Fra j = 
RAZ m T + 2] ROR" + Z ° In Step [2], the x bond is re-formed and 
nE Nn Z- comes off. The overall result of the 
hes + MgX ketone TPlacesZ. addition of (R")~ and elimination of Z7 is the 
[z =Cl, OR' i substitution product substitution of R" for Z. 


e Because the product of Part [1] is a ketone, it 
can react with a second equivalent of R"MgX 
to form an alcohol by nucleophilic addition in 


Part [2]. 
Part [2] Nucleophilic addition forms a 3° alcohol. 
3 pA ÖH 
ay | Bi HSH a 
nr a nogoh a4 RGR + :QH ¢ Nucleophilic attack of (R"Y (from R"MgX) in 
j R" R" Ree deica Step [3] forms an alkoxide. 
R"—MgX + MgXt & dich | R" groups e Protonation of the alkoxide by H20 in 
This intermediate has addition product Step [4] forms a 3° alcohol. 


no leaving group. 


Sample Problem 20.3 


Problem 20.28 


20.13B 
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Organolithium and Grignard reagents always afford 3° alcohols when they react with esters 
and acid chlorides. As soon as the ketone forms by addition of one equivalent of reagent to RCOZ 
(Part [1] of the mechanism), it reacts with a second equivalent of reagent to form the 3° alcohol. 


This reaction is more limited than the Grignard addition to aldehydes and ketones, because only 
3° alcohols having two identical alkyl groups can be prepared. Nonetheless, it is still a valuable 
reaction because it forms two new carbon-carbon bonds. 


What ester and Grignard reagent are needed to prepare the following alcohol? 
OH 


C J e-omon on, 


CH,CH;CHa 


Solution 
A 3° alcohol formed from an ester and Grignard reagent must have two identical R groups, and 
these R groups come from RMgX. The remainder of the molecule comes from the ester. 


OH 


vas -=CH,CH,CHy | — i These identical R groups 


| "CH,CH,CH, <———_ must come from RMgX. 


(2 equiv) 
All other C’s come from the ester. 
R' = any alkyl group 
Checking in the aie direction: 
HO P 
r giem OF 
CHsCH2CH3 
| CHgCH,CHp- CH.CH,CH, —Mgx | CH;CH2CH2- CHsCHzCH2--M9X 
first equivalent second equivalent 
What ester and Grignard reagent are needed to prepare each alcohol? 
on Qh 
a. C Y b. (CH3CH2CH2)aCOH c. CHa—Ç—CH2CH(CHa)2 


Reaction of R,CuLi with Acid Chlorides 


To form a ketone from a carboxylic acid derivative, a less reactive organometallic reagent— 
namely an organocuprate—is needed. Acid chlorides, which have the best leaving group 
(CI) of the carboxylic acid derivatives, react with R',CuLi, to give a ketone as product. 
Esters, which contain a poorer leaving group (OR), do not react with R',CuLi. 


General | 9 [1] R'gCuLi ? 
ctio C < 
| rea n R `ci [2] H2O RO R' 
= fe) (6) 
| Example | l [1] (CH) CuLi 4 
CHCH% Cl [2] HO CH,CH3 “CH, 
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Problem 20.29 


Problem 20.30 


Sample Problem 20.4 


Probiem 20.31 


20.14 


This reaction results in nucleophilic substitution of an alkyl group R' for the leaving group Cl, 
forming one new carbon-carbon bond. 


What organocuprate reagent is needed to convert CH3CH2COCI to each ketone? 
ie) (0) 


9 
. A b. . fon lk 
a CHICHI “CH, AN ý Ph 


What reagent is needed to convert (CH3)>CHCHzCOC! into each compound? 


HO 9 
a. (CHs)SCHCHCHO b. J o. Masi a d. (CHs)SCHCH;CH2OH 


A ketone with two different R groups bonded to the carbonyl carbon can be made by two different 
methods, as illustrated in Sample Problem 20.4. 

Show two different ways to prepare 2-pentanone from an acid chloride and an organocuprate 
reagent. 

(0) 
il 


70x 
CH ““CH;CH;CHa 


2-pentanone 


Solution 

In each case, one alkyl group comes from the organocuprate and one comes from the acid chloride. 

Possibility [1] Use (CH3)2CuLi and a Possibility [2] Use (CH3CH2CHz2)sCuLi and 
four-carbon acid chloride. a two-carbon acid chloride. 

Form this new C-C bond. Form this new C-C bond. 


o —— f 

iI | ? 
m | ong “CH,CH,CH, 
| | 


C (CH3CH2CH3)>CuLi 
CI “CHaCHsCH, oH ci 


0s 


Draw two different ways to prepare each ketone from an acid chloride and an organocuprate 
reagent: (a) CsH;COCHs; (b) (CHs)s>CHCOC(CHa)3. 


Reaction of Organometallic Reagents 
with Other Compounds 


Because organometallic reagents are strong nucleophiles, they react with many other electro- 
philes in addition to carbonyl groups. Because these reactions always lead to the formation of 
new carbon-carbon bonds, they are also valuable in organic synthesis. In Section 20.14, we 
examine the reactions of organometallic reagents with carbon dioxide and epoxides. 
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20.14A Reaction of Grignard Reagents with Carbon Dioxide 


Grignard reagents react with CO, to give carboxylic acids after protonation with aqueous 
acid. This reaction, called carboxylation, forms a carboxylic acid with one more carbon atom 
than the Grignard reagent from which it is prepared. 


new C-C bond 
eek [1] CO, P 
General reaction | R—MgX ET R-C 
[2] H30* \ OH 


carboxylic acid 


Because Grignard reagents are made from alkyl or aryl halides, an organic halide can be converted 
to a carboxylic acid having one more carbon atom by a two-step reaction sequence: formation of 
a Grignard reagent, followed by reaction with CO2. 


Q 
CI MgCl Cc. 
[zene ji g a 
Example — > -i — 
[2] H30O+ 
new C-C bond 


The mechanism resembles earlier reactions of nucleophilic Grignard reagents with carbonyl 
groups, as shown in Mechanism 20.8. 


{> Mechanism 20.8 Carboxylation—Reaction of RMgX with CO, 


a m e In Step [1], the nucleophilic Grignard reagent attacks the 
ner Ha} O: aje . 
Pap [1] 7 [2] 7 it electrophilic carbon atom of COs, cleaving am bond and 
R=MgX + Go ~> RQ RQ + HO: forming a new carbon-carbon bond. 
O: i Here ‘OH e The carboxylate anion is protonated with aqueous acid in 
+ MgX Step [2] to form the carboxylic acid. 


Problem 20,32 What carboxylic acid is formed from each alkyl halide on treatment with [1] Mg; [2] COz; [3] H30*? 
Br 
a. Cy b. APY c. omo \-onar 


20.14B Reaction of Organometallic Reagents with Epoxides 


Like other strong nucleophiles, organometallic reagents—RLi, RMgX, and R,CuLi—open 
epoxide rings to form alcohols. 


| General reaction | O ; , á OH 
/\ [1] RLI, RMgX, or ReCuLi aa / 


un L En, 
CAA [2] H2O of! A 
alcohol 
O H OH 
A tn Cer y HO 
Eea ao c—C, = CH,CH;OH 
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The reaction follows the same two-step process as the opening of epoxide rings with other nega- 
The opening of epoxide 


Anca aiecneadilich’ shamed tively charged nucleophiles—that is, nucleophilic attack from the back side of the epoxide 
de eee geal din ring, followed by protonation of the resulting alkoxide. In unsymmetrical epoxides, nucleo- 
Section 9.15A. philic attack occurs at the less substituted carbon atom. 


less substituted C 


o H or = H OH 
de i E i biaa = ú be + -OH 
Hy NUCHs f1] / \ CHa [2] A AUCH 
H CHa CHCH? Chs CHCH; "CH, 
CH3CH>—Li 
Sy2 
backside attack protonation | 


Problem 20.33 What epoxide is needed to convert CH3CH,MgBr to each of the following alcohols, after quenching 
with water? 


OH 
OH 
a. Cyr b. C. 2S Sä d M A 
“OH 


(+ enantiomer) 


20.15 «,B-Unsaturated Carbonyl Compounds 


a,B-Unsaturated carbonyl compounds are conjugated molecules containing a carbonyl group 
and a carbon-carbon double bond, separated by a single o bond. 


a,B-unsaturated carbonyl compound 


Both functional groups of «,$-unsaturated carbonyl compounds have r bonds, but individually, 
they react with very different kinds of reagents. Carbon—carbon double bonds react with electro- 
philes (Chapter 10) and carbonyl groups react with nucleophiles (Section 20.2). What happens, 
then, when these two functional groups having opposite reactivity are in close proximity? 


Because the two 7 bonds are conjugated, the electron density in an o,B-unsaturated carbonyl 
compound is delocalized over four atoms. Three resonance structures show that the carbonyl car- 
bon and the B carbon bear a partial positive charge. This means that o.,8-unsaturated carbonyl 
compounds can react with nucleophiles at two different sites. 


The hybrid 
:0: Foni Or 08" 
Wo | Tan] T ol 8 
ng, Ae. PW Aas XS 
| | | f | j 
three resonance structures for an two electrophilic sites 


&,B-unsaturated carbonyl compound 
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e Addition of a nucleophile to the carbonyl carbon, called 1,2-addition, adds the 
elements of H and Nu across the C=O, forming an allylic alcohol. 


A ee | Q | [1] :Nu7 | é 
1,2-Addition | A IU, peN 
i roA mno FF 
| | Nu 
The nucleophile attacks allylic alcohol 
at the carbonyl carbon. 


e Addition of a nucleophile to the B carbon, called 1,4-addition or conjugate addition, 
forms a carbonyl compound. 


—— oO nH 

| 4,4-Addition uod [11 Nu Al Le 

| (conjugate addition) R~ TT [2] HzO H | | 
Nu 


The nucleophile attacks | a carbonyl compound with a 
at the B carbon. | new substituent on the B carbon 
——— | 
Both 1,2- and 1,4-addition result in nucleophilic addition of the elements of H and Nu. 


20.15A The Mechanisms for 1,2-Addition and 1,4-Addition 


The steps for the mechanism of 1,2-addition are exactly the same as those for the nucleophilic 
addition to an aldehyde or ketone—that is, nucleophilic attack, followed by protonation (Sec- 
tion 20.2A), as shown in Mechanism 20.9. 


re Mechanism 20.9 1,2-Addition to an œ,ßB-Unsaturated Carbonyl Compound i l j iy 


abu 
O: :0F | OH | 
ae ene ——» pti + iy 
RF ká ` (1] |l (2) r | 5 
i Nu Nu 
Nu | i 
_ nucleophilic attack | | protonation | 


The mechanism for 1,4-addition also begins with nucleophilic attack, and then protonation and 
tautomerization add the elements of H and Nu to the œ and B carbons of the carbonyl compound, 
as shown in Mechanism 20.10. 
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e Mechanism 20.10 1,4-Addition to an o,B-Unsaturated Carbonyl Compound 


Part [1] Nucleophilic attack at the B carbon 


gO: OF e In Part [1], nucleophilic attack at the B carbon forms a 
1: | ta- | C | resonance-stabilized anion called an enolate. Either 
REREN : R -C—Cc— <— R Sc—C— resonance structure can be used to continue the 
¢ (nur 0 l A | Ni mechanism in Part [2]. 


a resonance-stabilized 
enolate anion 


Part [2] Protonation and tautomerization 


ART 
OF 
Ao be (2) 
I l 
protonation 
Nu onO 


[2] 


T 
Nu protonation 
onc 
enolate 


20.15B 


Why is conjugate addition 

also called 1,4-addition? If 

the atoms of the enol are 
numbered beginning with the 
O atom, then the elements of 
H and Nu are bonded to atoms 
“1” and “4,” respectively. 


| The enol has H and Nu 
added to atoms 1 and 4. 


H 
1 = 
2 ny- 4 


:0H 
C | 
R Sc—Cc— + ÖH e Protonation on the carbon end of the enolate forms the 
| nA 1,4-addition product directly. 
enai e Protonation of the oxygen end of the enolate forms an 
t enol. Recall from Section 11.9 that enols are unstable 
[3] | tautomerization | and tautomerize (by a two-step process) to carbonyl 
compounds. Tautomerization forms the same 1,4-addition 
iQ: H product that results from protonation on carbon. 
cl | 
R iaa + “ÖH 
Nu 


Reaction of a,B-Unsaturated Carbonyl Compounds 
with Organometallic Reagents ‘ 


The identity of the metal in an organometallic reagent determines whether it reacts with an o,B- 
unsaturated aldehyde or ketone by 1,2-addition or 1,4-addition. 


e Organolithium and Grignard reagents form 1,2-addition products. 


fo) OH | 


1,2-Addition— l & TRU or AMox l 
General reaction R MFN 
| 


———— ClCH 
(0) 


N 
[2] H2O 
e. 
l Example CH “CH= CH, 


| | 
a P R' 
| new C-C bond allylic alcohol 
mę 4 


[2] HzO 


OH 
CH3—C—CH=CH, 


A _ new C-C bond | 


SS 
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e Organocuprate reagents form 1,4-addition products. 


———_ ie) Tyee o 

| 1,4-Addition— l | [1] R',CuLi i i 

| General reaction | R/ ¥ S 2)H0 p jsa 
R' 


new C-C bonds 


O 
I N 
| Example chA [1] (CHa)CuLi 


C 
CH=CH, n ——— nan > [2] Hs O Sa Bata 
Sample Problem 20.5 Draw the products of each reaction. 
0 0) 
[1] CHzMgBr i CHa [1] (CH2=CH)2CuLi 
sa [2] H0 [2] HO 
Solution 


The characteristic reaction of o,B-unsaturated carbonyl compounds is nucleophilic addition. 
The reagent determines the mode of addition (1,2- or 1,4-). 


a. Grignard reagents undergo b. Organocuprate reagents undergo 1,4-addition. 
1,2-addition. CH;MgBr adds a new The cuprate reagent adds a new vinyl group 
CHg group at the carbonyl carbon. (CH2=CH) at the B carbon. 
new C-C bond 
Oo HO\CH, fo) fo) 
[1] CH3sMgBr CHa [1] (CH2=CH)CuLi 
[2] H2O [2] H2O i 
—— 
B carbon CH= Gh, 


| new C-C bond 1| 


Problem 20.34 Draw the product when each compound is treated with either (CHs)2CuLi, followed by H2O, or 
HC=CLi, followed by H20. 


0) fe) 
SQ 
i b. OES n 
CH, O 


20.16 Summary—The Reactions of Organometallic Reagents 


We have now seen many different reactions of organometallic reagents with a variety of func- 
tional groups, and you may have some difficulty keeping them all straight. Rather than memoriz- 
ing them all, keep in mind the following three concepts: 


[1] Organometallic reagents (R - M) attack electrophilic carbon atoms, especially the carbonyl carbon. 


o 
5 Bt st 
RM G=0 O=C=0 ZA 
/ LO Rh 
RM RM 


carbonyl groups 
carbon dioxide epoxides 


792 Chapter 20 Introduction to Carbonyl Chemistry; Organometallic Reagents; Oxidation and Reduction 


[2] 


[3] 


20.17 


Figure 20.8 
Conversion of 2-hexanol into 
other compounds 


After an organometallic reagent adds to a carbonyl group, the fate of the intermediate depends 
on the presence or absence of a leaving group. 


e Without a leaving group, the characteristic reaction is nucleophilic addition. 
e With a leaving group, it is nucleophilic substitution. 


With no leaving group, | 
addition occurs. : 
l DS HO 


o W=HorR' 
—Il oO- 

ax. k 

ei WwW —— R-C-W 

R"=M R" 


| With a leaving group, LAW = Cl or OR 


substitution occurs. | Bic 
i = j substitution product 


The polarity of the R- M bond determines the reactivity of the reagents. 


e RLi and RMgX are very reactive reagents. 
è RCuLi is much less reactive. 


Synthesis 


The reactions learned in Chapter 20 have proven extremely useful in organic synthesis. Oxidation 
and reduction reactions interconvert two functional groups that differ in oxidation state. Organo- 
metallic reagents form new carbon-carbon bonds. 


Synthesis is perhaps the most difficult aspect of organic chemistry. It requires you to remem- 
ber both the new reactions you’ve just learned, and the ones you’ve encountered in previous 
chapters. In a successful synthesis, you must also put these reactions in a logical order. Don’t be 
discouraged. Learn the basic reactions and then practice them over and over again with synthesis 
problems. 


In Sample Problems 20.6—20.8 that follow, keep in mind that the products formed by the reac- 
tions of Chapter 20 can themselves be transformed into many other functional groups. For 
example, 2-hexanol, the product of Grignard addition of butylmagnesium chloride to acetalde- 
hyde, can be transformed into a variety of other compounds, as shown in Figure 20.8. 


HSO, 
—— AN elimination product 


(major product) 


12) 
Poc p Pt oxidation product 


OH 
p o CI (Br) 
HCI or HBr or 
= taser SOCI; or PBrg f 
good leaving groups © shoe E pt 
TsCl OTs substitution product 


pyridine 
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P g 
Mg [1] CH3” “~H I 
CH,CH,CH,CH,-Cl — > CH,CH,CH,CH,~“MgCl — zipo ~ CHy~C-CH,CH,CH,CH, 
A H 
preparation of the nucleophilic addition 2-hexanol 
Grignard reagent and 
- ——} protonation 


Before proceeding with Sample Problems 20.6-20.8, you should review the stepwise strategy for 
designing a synthesis found in Section 11.12. 


Sample Problem 20.6 — Synthesize 1-methylcyclohexene from cyclohexanone and any organic alcohol. 


CH, oO 
————j 
1-methylcyclohexene cyclohexanone 
Retrosynthetic Analysis 
CH3 HO CH, O 
e ——— 
1] [2] 
+ 


CH3MgX =a CH,OH 
Thinking backwards: 
e [1] Form the double bond by dehydration of an alcohol. 
e [2] Make the 3° alcohol by Grignard addition of CH3xMgX. 


o [3] Prepare the Grignard reagent stepwise from an alcohol. 


Synthesis 
Four steps are needed: 
oO 
Ò HO CHa CH CH2 
HBr Mg HO H250, 
CHOH ——> CHBr ——> CH,MgBr ———> —> —> + 
Sek [2] [3] [4 
3 


(1] 
major product 
trisubstituted alkene 


e Conversion of CHOH to the Grignard reagent CH3MgBr requires two steps: formation of an 
alkyl halide (Step [1]), followed by reaction with Mg (Step [2)). 
e Addition of CH3zMgBr to cyclohexanone followed by protonation forms an alcohol in Step [3]. 


e Acid-catalyzed elimination of water in Step [4] forms a mixture of alkenes, with the desired 
trisubstituted alkene as the major product. 


Sample Problem 20.7 — Synthesize 2,4-dimethyl-3-hexanone from four-carbon alcohols. 


O 
vy === _ alcohols containing 4 C’s 


2,4-dimethyl-3-hexanone 
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Retrosynthetic Analysis 


Aye ae ap dy 


Synthesize each of 
these components. 


Thinking backwards: 


e [1] Form the ketone by oxidation of a 2° alcohol. 


e [2] Make the 2° alcohol by Grignard addition to an aldehyde. Both of these compounds have 
4 C’s, and each must be synthesized from an alcohol. 


Synthesis 
First, make both components needed for the Grignard reaction. 


AB Ae Ape Y we AL 


Then, complete the synthesis with Grignard addition, followed by oxidation of the alcohol to the 
ketone. 


Ee — ie ye Ty 


ont Rana new C-C bond | 


Sample Problem 20.8 — Synthesize isopropyicyclopentane from alcohols having < 5 C’s. 


OX =—> alcohols having < 5 C's 


isopropylcyclopentane 


Retrosynthetic Analysis 


OH 
OX — O= ==> => [=o + xma 
[1] [2] [3] 


Thinking backwards: 
e [1] Form the alkane by hydrogenation of an alkene. 
e [2] Introduce the double bond by dehydration of an alcohol. 


e [3] Form the 3° alcohol by Grignard addition to a ketone. Both components of the Grignard 
reaction must then be synthesized. 


Synthesis 
First make both components needed for the Grignard reaction. 


PCC PBr3 Mg 
OH —> O | HO —+ Br —> BrMg 
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Complete the synthesis with Grignard addition, dehydration, and hydrogenation. 


[1] Bno OH 
O= 8 Det OH 
[2] H2O Pd-C 
major product 


tetrasubstituted 
double bond 


Problem 20.35 — Synthesize each compound from cyclohexanol, ethanol, and any other needed reagents. 
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Reduction Reactions 
[1] Reduction of aldehydes and ketones to 1° and 2° alcohols (20.4) 


Q NaBH,, CHOH OH 
nw — R-C-H(R’) 
RHR) or 4 
[1] LiAIH,; [2] HzO 
or 1° or 2° alcohol 
Ho, Pd-C 


[2] Reduction of «,f-unsaturated aldehydes and ketones (20.4C 


) 
i 
R a 
allylic 
alcohol 


(6) 
R Je e reduction of the C=C only 
ketone 
H, (excess) H 
e reduction of both m bonds 
Pd-C R 
alcohol 


[3] Enantioselective ketone reduction (20.6) 


NaBH, 


e reduction of the C=O only 
CH3OH 


He (1 equiv) 


i [1] (S)- or (R)-CBS reagent 


CY “R [2] H;O 


(R) 2° alcohol (S) 2° alcohol 


e A single enantiomer is formed. 
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[4] Reduction of acid chlorides (20.7A) 


[1] LIAIH4 -_ RCH OH | © LiAIH,, a strong reducing agent, 
[2] H2O a 5 reduces an acid chloride to an 
1° alcohol alcohol. 


[1] LiAIH[OC(CHs)s3]3 ii e With LIAIH[OC(CHg)g]3, a milder 
| reducing agent, reduction stops at 
[2] H2O R/H 
| aldehyde the aldehyde stage. 


[5] Reduction of esters (20.7A) 


[1] LiAIH, l RCH.OH e LiAIH,, a strong reducing agent, 
[2] H,O B reduces an ester to an alcohol. 
2 1° alcohol 


t 


[1] DIBAL-H i e With DIBAL-H, a milder reducing 
AIN agent, reduction stops at the 
[2] H20 k Fan aldehyde stage. 


[6] Reduction of carboxylic acids to 1° alcohols (20.7B) 


O 
1] LIAIH er ta 
6 [0A Benen 
R ON [21H29 1° alcohol 


[7] Reduction of amides to amines (20.7B) 


Q [1] LiAIH, 
dae 
RN [2] H;O 


Oxidation Reactions 
Oxidation of aldehydes to carboxylic acids (20.8) 
All Cr™ reagents except PCC oxidize RCHO 


O E103, NagCr07, KoCr507, KMnO, ? to RCOOH. 
gy or 7 ROH e Tollens reagent (Ag2zO + NH,OH) oxidizes 
Ags0, NH,OH ee RCHO only. Primary (1°) and 2° alcohols do 
š | carboxylic acid not react with Tollens reagent. 


Preparation of Organometallic Reagents (20.9) 


[1] Organolithium reagents: R-X + 20 —————> ARSCH f LX 
[2] Grignard reagents: R-X + Mg —————— R-M9-X | 


(CH3CH2)20 


[3] Organocuprate reagents: 


[4] Lithium and sodium acetylides: 


Key Concepts 


R-X.. + 2Li — R-Li + lix 


2R-Li + Cul ——— | R,Cu Lit + Lil 


Na*-NH, ==] 
R-C=C-H ———> | R-C=C7 Nat | + NH, 
a sodium acetylide 
1 i ST 
R-C=C-H ———> R-C=C-Li + R'—H 


a lithium acetylide 


Reactions with Organometallic Reagents 


[1] Reaction as a base (20.9C) 


a = | R-H 


e RM =RLi, RMgX, R¿CuLi 


+ M* “O-R e This acid-base reaction occurs with HzO, ROH, RNH», RaNH, RSH, 


RCOOH, RCONH,;, and RCONHR. 


[2] Reaction with aldehydes and ketones to form 1°, 2°, and 3° alcohols (20.10) 


9 [1] R'MgX or R'Li i 
i > R-C-H(R’) 
R~ HR’) [2] HO | in 


m —4 


| OH 


| 
| 1°, 2°, or 3° alcohol 


[3] Reaction with esters to form 3° alcohols (20.13A) 


6 [1] R'Lior R"MgX | oH 


II (2 equiv) | 
D o  T 
Rl ~OR [2] H2O 


[4] Reaction with acid chlorides (20.13B) 
[1] R"Li or R"MgX 


(2 equiv) GH e More reactive organometallic reagents—R"Li and R"MgX—add two 
[2] HO R-G-R" equivalents of R" to an acid chloride to form a 3° alcohol with two 
R" identical R" groups. 
9 | 3° alcohol 
ze. i 
R Cl Seine 
[1] R'gCuLi | li e Less reactive organometallic reagents—R',CuLi—add only one 
[2] H2O RR equivalent of R' to an acid chloride to form a ketone. 
ketone 


l 
| R-G-R’ 
R" 


8° alcohol 


[5] Reaction with carbon dioxide—Carboxylation (20.14A) 


OH 
carboxylic acid 


| 
| 
| 
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[6] Reaction with epoxides (20.14B) 


o 


O 
n [1] RLi, RMgX, or ReCuLi a 
4“ N [2] HO ie 


R 


alcohol 


[7] Reaction with a,B-unsaturated aldehydes and ketones (20.15B) 


1] R'Li or R'MgX i l 
[RL or R'Mg R-c-c7°™ | ° More reactive organometallic reagents—R'Li and R'MgX—react with 
| 3 | 


[2] H2O R a.,B-unsaturated carbonyls by 1,2-addition. 
9 | allylic alcohol 
a7 ga 
0 Racuti e Less reactive organometallic reagents —R'¿CuLi— react with «,B- 
[2] H20 unsaturated carbonyls by 1,4-addition. 


Protecting Groups (20.12) 
[1] Protecting an alcohol as a tert-butyldimethylsilyl ether 


q's qh 
R-O-H + CI-$i-C(CH)s ———> R-O~Si~C(CHs)g 
CH CH 
3 Nx NH 8 
[C/-TBDMS] [R—O—TBDMS] 


tert-butyldimethylsilyl ether 


[2] Deprotecting a tert-butyldimethylsilyl ether to re-form an alcohol 


Te (CH3CH,CH,CH,),N* F- CHs 
R-0-8i-0CHj; ee | R-0-H + F-Si-C(CHə)s 
CH3 CH, 
[R-O—TBDMS] [F—TBDMS] 


PROBLEMS ~ O 


Problems Using Three-Dimensional Models 


20.36 Draw the products formed when A or B is treated with each reagent. In some cases, no reaction occurs. 


® satae of 
> EA gp SE 
“eh ë Sao | 
ve ë gv yv - w 
A B 
a. NaBH, CH30H c. [1] CH3MgBr (excess); [2] H2O e. NaCr207, H2SO,, H2O 


b. [1] LiAIH,; [2] H2O d. [1] CgHsLi (excess); [2] H2O 
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20.37 Devise a synthesis of each alcohol from organic alcohols having one or two carbons and any required reagents. 


~ >g 


D Y w wy 
ww Das a4 G 
a O O o b. F9 c. gogoe d O O @ 
A @ &® ~~ BAL S v v v 
Jv vY - a as 2 Je j9? 
2 v 


(+ enantiomer) 


Reactions and Reagents 
20.38 Draw the product formed when pentanal (CH3CH2CH2CH2CHO) is treated with each reagent. With some reagents, no reaction 


occurs. 
a. NaBHy, CHOH g. [1] CH3MgBr; [2] H2O 
b. [1] LiAIH,; [2] H2O h. [1] CgHsLi; [2] H2O 
c. H2, Pd-C i. [1] (CHg)zCuLi; [2] H2O 
d. PCC j. [1] HC=CNa; [2] HO 
e. NagCr207, HpSO4, H2O k. [1] CH3C=CLi; [2] H2O 
f. Ag2O, NH4OH |. The product in (a), then TBDMS-CI, imidazole 
20.39 Draw the product formed when 1-bromobutane is treated with each reagent. 
a. Li (2 equiv) d. The answer in (a), then H2O 
b. Mg in (CHgCH2)20 solvent e. The answer in (b), then DO 
c. Li (2 equiv), then Cul (0.5 equiv) f. The answer in (a), then CH;C =CH 
20.40 Draw the product formed when CH3CHsCH2MgBr is treated with each compound. 
Q 
a. CH»=0, then H2O e. CHCOOH h. Lç Cha, then HO 
CH, 
b. O then HO f. HC=CH i. DO 
c. CH3CHCOCI, then H,O g. CO,, then H3O* j. O, then H,O 


d. CHsCH,COOCHs, then H,O 


20.41 Draw the product formed when (CH3CH2CH2CHz)2CuLi is treated with each compound. In some cases, no reaction occurs. 


o O 


(©) 
I 
CH O 
a. Cry b. ex och, C, É then H2O d. Z\—CHs, then H2O 
CH; 


20.42 The stereochemistry of the products of reduction depends on the reagent used, as you learned in Sections 20.5 and 20.6. 
With this in mind, how would you convert 3,3-dimethyl-2-butanone [CH3COC(CHs)s] to: (a) racemic 3,3-dimethyl-2-butanol 
[CH3sCH(OH)C(CHs)3]; (b) only (2R)-3,3-dimethyl-2-butanol; (c) only (2S)-3,3-dimethyl-2-butanol? 


20.43 Draw the product formed when the o,B-unsaturated ketone A is treated with each reagent. 
a. NaBH,, CHOH d. [1] CHgLi; [2] H2O 


me b. Hp (1 equiv), Pd-C e. [1] CH3sCH2MgBr; [2] H:O 
or CH3 c. Hə (excess), Pd-C f. [1] (CH2=CH)CuLi; [2] H2O 
A 


20.44 What reagent is needed to convert (CH3)s>CHCH2CH,COCI to each compound? 
a. (CH3),>CHCH2,CH2zCHO c. (CH3)2>CHCH:CH2C(OH)(CgHs)> 
b. (CH3)s>CHCHsCH2,COCH = CHz d. (CH3)2>CHCH2CH2CH,0H 


20.45 What reagent is needed to convert CH3CH2zCOOCH2CH2CH, to each compound? 
a. CHCHCH2OH b. CHgCH2C(OH)(CH2CH2CHs)> c. CHCH CHO 
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20.46 Draw the products of each reduction reaction. 


(0) (0) 
e A NaBH, yoyo [1] LAIH; 
SO CH30H c. (Ca [2] H2O 
O 
(8) (0) 
e spt [1] LiAIH, NAAN [1] LIAIH[OC(CH)]5 
D: COOCH, [2] H:O d. Cl [2] H20 
(6) 
20.47 Draw the a of the following reactions with organometallic reagents. 
1] CO. = 
MgBr eS e. NN AN MgB Mikel ae 
[2] HgO* [2] HO 
[6] F 
[1] CHeCH2MgBr [1] (CH3)2CuLi 
(awe — 
[2] Bko ' [2] H2O 
COCI [1] CeHsMgBr 

o (excess) O [1] CHaMgBr 

[2] BIH i [2] HzO 

[1] CH,MgC! fe} 
a. ( \-coocncr (excess) h. J [1] (CHg)gCuLi 
> —— 
[2] H20 CH5 [2] HzO 


20.48 Draw all stereoisomers formed in each reaction. 


a. (CH3) {=o [1] CHg3Li a K [1] Mg 
; —— i p= 5 
oe [2] H20 7 [2] CO, 


[3] HO* 


[1] [1] CHsCH2MgBr | [11 (S)-CBS reagent (S)-CBS reagent 
[2] ~ mao ~ Bo H2O 
11] (CH2=CH);CuLi s r rwaiis [1] LiAIH, 
‘ [2] H2O 


[2] BR H“ 


20.49 Which carbon is most electrophilic in Y? Explain your choice. 


ctr 
(6) ie) 
Y 


20.50 Treatment of ketone A with ethynyllithium (HC=CLi) followed by D3O0* afforded a compound B of molecular formula C12H13D03, 
which gave an IR absorption at approximately 1715 cm”. What is the structure of B and how is it formed? 


Problems 801 


20.51 Explain why metal hydride reduction gives an endo alcohol as the major product in one reaction and an exo alcohol as the 
major product in the other reaction. 


[1] AIH; | TJ AIH; | 
[2] “BIH [2] HO 


endo OH group exo OH group 


20.52 A student tried to carry out the following reaction sequence, but none of diol A was formed. Explain what was wrong with this 
plan, and design a successful stepwise synthesis of A. 


„O= 
ee POS gi OW (ae 
BrMg [2] H,O OH 


A 


pi Onr nA OH 


20.53 Identify the lettered compounds in the following reaction scheme. Compounds F, G, and K are isomers of molecular formula 
C13H1gO. How could H NMR spectroscopy distinguish these three compounds from each other? 


[1] Og 


[1] Mg 
[1] CgH;MgBr A H250, HCI [2] CH,>=O 
[2] H2O [3] H2O 
[1] LiAIH, [2] H,O 
[2] HO 
PBrg Mg [1] CeH5CHO 
— ] CPC J [md 
[2] HO 
20.54 Fill in the lettered products (A-D) in the synthesis of (R)-isoproterenol, a drug that increases heart rate and dilates lung 
passages. 
È [1] (R)-CBS 
o CI reagent Nal (CH3CH3);SiCI (CH3)2CHNH3 
= / A— B ——— Cc — — D 
Ai [2] H2O imidazole 
‘o | KF 
OH 
H 
HO 
(A)-isoproterenol 
trade name: Isuprel 
Mechanism 
20.55 Draw a stepwise mechanism for each reaction. 
(0) 
[1] CHaMgBr (excess) k en 
a. O DE, e 
[2] H2O OH 


Q [1] BrMgCH,CH,CH,CH,MgBr OH 
b. o ————___——- OH 
[2] H20 
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20.56 Tertiary alcohols can be formed by the reaction of dimethyl carbonate [(CH3O),C =O] with excess Grignard reagent. Draw a 
stepwise mechanism for the following transformation. 


(0) 
ji OH 
Rom H2O | 
CgHsMgBr + CH0 OCH3 Se aa CeHs—G— Ces + CH30H + HOMgBr 
Z CgHs 
(excess) dimethyl carbonate 


20.57 Draw a stepwise mechanism for the following reduction. 


OH 
D] LAIH; OH 
Oo TEHO” avr 
OH 
Synthesis 


20.58 What Grignard reagent and aldehyde (or ketone) are needed to prepare each alcohol? Show all possible routes. 


OH 
CHOH HO 
a. a a c. (CeHs)aCOH d. e. 
OH 


20.59 Procyclidine is a drug that has been used to treat the uncontrolled body movements associated with Parkinson’s disease. Draw 
three different methods to prepare procyclidine using a Grignard reagent. 


O 


procyclidine 


OH 


20.60 What ester and Grignard reagent are needed to synthesize each alcohol? 


OH OH 
l | 
a. (H ) b. CHa—Ç—-CH2CH2CH(CHa)2 C. (CH3CH2CH2CH2)2C(OH)CH3 


CHa 


20.61 What organolithium reagent and carbonyl compound can be used to prepare each of the following compounds? You may use 
aldehydes, ketones, or esters as carbonyl starting materials. 


oo ofo Of 


(two ways) 


(three ways) (three ways) 


20.62 What epoxide and organometallic reagent are needed to synthesize each alcohol? 


H 

a. GOR GG b, ; 
=H a z 
H 


‘OH 


20.63 Propose at least three methods to convert CsH;CH2CH2Br to CsHsCH2CH3. 


20.64 Propose two different methods to synthesize 1-octen-3-ol [CH3(CH2)4CH(OH)CH=CH,] using a Grignard reagent and a carbonyl 
compound. 1-Octen-3-ol is commonly called matsutake alcohol because it was first isolated from the Japanese matsutake 
mushroom. 
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20.65 Synthesize each compound from cyclohexanol using any other organic or inorganic compounds. 


Cy 


(Each cyclohexane ring must 
come from cyclohexanol.) 


COOH o O 


CH, CHO 


(Each cyclohexane ring must 
come from cyclohexanol.) 


20.66 Convert 2-propanol [(CH3)}CHOH] into each compound. You may use any other organic or inorganic compounds. 


fo) 
OH 
a. (CHg)zCHCH(OH)CH3 b. (CHg)2CHCH,CH,OH c. (+ d. Ke e. DX 
OH 


20.67 Devise a synthesis of mestranol, a synthetic estrogen used in oral contraceptives, from the female sex hormone estradiol. You 
may use any needed organic compounds or inorganic reagents. 


OH 
«C=CH 


CH,0 
mestranol estradiol 
20.68 Devise three different methods to prepare each compound from benzene: (a) CsHsCH2CH2OH (2-phenylethanol); (b) CgHs;COCH3 


(acetophenone). You may also use organic compounds that have one or two carbons, and any required inorganic reagents. At 
least two of the three methods must use a reaction of the organometallic reagents described in this chapter. 


20.69 Convert benzene into each compound. You may also use any inorganic reagents and organic alcohols having three carbons or 
fewer. One step of the synthesis must use a Grignard reagent. 


O HO ie} 
COOH Br. 
a. O b. ge () CG. d. 


20.70 Design a synthesis of each compound from alcohols having four carbons or fewer as the only organic starting materials. You 
may use any other inorganic reagents you choose. 


Z i T a Apa Ay 0 LM 


20.71 Synthesize each compound from the given starting material. You may use any other required inorganic reagents. 


O 
a. => c: Br ==> CH5COCH3 
te =N L 


+ organic halides 
+ organic halides 


oN d. (CHs)SCHCH,CH,CH;0H ===> (CHC =CH, 
b. e ngP ig = 
ANA Non e. CHsCH(OH)C=CCH,CH,OH ===> HC=CH 


+ 
(the only organic compounds having < 2 C’s 
starting material) 
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20.72 An unknown compound A (molecular formula C7H;40) was treated with NaBH, in CHOH to form compound B (molecular 


formula C7H;g0). Compound A has a strong absorption in its IR spectrum at 1716 cm. Compound B has a strong absorption 
in its IR spectrum at 3600-3200 cm. The 'H NMR spectra of A and B are given. What are the structures of A and B? 


1H NMR of A 


1H NMR of B 


singlet } 


| multiplet | 


ppm ppm 


20.73 Treatment of compound C (molecular formula C4H0) with CsHsMgBr, followed by H20, affords compound D (molecular formula 
C4gH140). Compound D has a strong peak in its IR spectrum at 3600-3200 cm. The 'H NMR spectral data of C and D are 
given. What are the structures of C and D? 


Compound C signals at 1.3 (singlet, 6 H) and 2.4 (singlet, 2 H) ppm 
Compound D signals at 1.2 (singlet, 6 H), 1.6 (singlet, 1 H}, 2.7 (singlet, 2 H}, and 7.2 (multiplet, 5 H) pom 


20.74 Treatment of compound E (molecular formula C,HgO.) with excess CHCH MgBr yields compound F (molecular formula CgH;40) 
after protonation with H20. E shows a strong absorption in its IR spectrum at 1743 cm”. F shows a strong IR absorption at 3600- 
3200 cm”. The 'H NMR spectral data of E and F are given. What are the structures of E and F? 


Compound E signals at 1.2 (triplet, 3 H), 2.0 (Singlet, 3 H), and 4.1 (quartet, 2 H) ppm 
Compound F signals at 0.9 (triplet, 6 H), 1.1 (singlet, 3 H), 1.5 (quartet, 4 H), and 1.55 (singlet, 1 H) ppm 


20.75 Reaction of butanenitrile (CHsCH2CH2CN) with methylmagnesium bromide (CH3;MgBr), followed by treatment with aqueous 
acid, forms compound G. G has a molecular ion in its mass spectrum at m/z = 86 and a base peak at m/z = 43. G exhibits a 
strong absorption in its IR spectrum at 1721 cm” and has the 'H NMR spectrum given below. What is the structure of G? We 
will learn about the details of this reaction in Chapter 22. 


1H NMR of G 
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20.76 Treatment of isobutene [(CH3)2C = CH2] with (CH3)3CLi forms a carbanion that reacts with CH2=O to form H after water is added 
to the reaction mixture. H has a molecular ion in its mass spectrum at m/z = 86, and shows fragments at 71 and 68. H exhibits 
absorptions in its IR spectrum at 3600-3200 and 1651 cm”, and has the 'H NMR spectrum given below. What is the structure 
of H? 


1H NMR of H 


ppm 


20.77 (8) Reaction of oxetane with CHMgBr followed by H2O forms a compound that shows a strong absorption in its IR 
[i spectrum at 3600-3200 cm” and the following 'H NMR data: 0.94 (triplet, 3 H), 1.39 (multiplet, 2 H), 1.53 (multiplet, 
oxetane 2 H), 2.24 (singlet, 1 H), and 3.63 (triplet, 2 H) ppm. Draw the structure of the product and write a mechanism that 
illustrates its formation. 


Fay EN i er > en oe ee 
Challenge Problems 


20.78 Design a synthesis of (R)-salmeterol (Figure 20.3) from the following starting materials. 


OH H 
Na Ag eels Brey BROAN Br 
SSS 
HO HO = 
R)-salmeterol Fg GO Sg 
ai (A) COOCH; CeHg 


20.79 Lithium tri-sec-butylborohydride, also known as L-selectride, is a metal hydride reagent that contains three sec-butyl groups 
bonded to boron. When this reagent is used to reduce cyclic ketones, one stereoisomer often predominates as product. Explain 
why the reduction of 4-tert-butylcyclohexanone with L-selectride forms the cis alcohol as the major product. 


[1] L-selectride 
2 


lithium tri-sec-butylborohydride 


L-selectride 4-tert-butylcyclohexanone cis-4-tert-butylcyclohexanol 


20.80 Explain why the B carbon of an o,,B-unsaturated carbonyl compound absorbs farther downfield in the ‘°C NMR spectrum than 
the a carbon, even though the a carbon is closer to the electron-withdrawing carbonyl group. For example, the B carbon of 
mesityl oxide absorbs at 150.5 ppm, while the a carbon absorbs at 122.5 ppm. 


122.5 ppm 


| O 
150.5 ppm NA 


a 


mesityl oxide 
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20.81 Identify X and Y, two of the intermediates in a synthesis of the antidepressant venlafaxine (trade name Effexor), in the following 
reaction scheme. Write a mechanism for the formation of X from W. 


CH,CN 
N(CH3)2 
[1] Lit -N[CH(CHs)olo i [HILT | _one step OH 
[2] [2] H2O 
OCH, OCH, 
w [3] H20 venlafaxine 


20.82 Reaction of benzylmagnesium chloride with formaldehyde yields alcohols N and P after protonation. Draw a stepwise 
mechanism that shows how both products are formed. 


Maci [1]. CHy=0 = = 
— + 
( ) [2] H20 z \ 4 Si 
OH 


N P 
major product minor product 


20.83 Draw a stepwise mechanism for the following reaction. (Hint: Conjugate addition can occur with heteroatoms as well as carbon 


nucleophiles.) 
= NHOH 
CH;0H 


20.84 Draw a stepwise mechanism for the following reaction of a Grignard reagent with a cyclic amide. 


fe) [1] CH3CH,MgBr (excess) CH2CH3 
oc THF, ether CHCH; 
N [2] H3O* N 
“CH, ` “CHs 


OH 


a 


N 


0 


Aldehydes and Ketones— 
Nucleophilic Addition 


The natural product digoxin has been prescribed since the 1960s for patients with conges- 
tive heart failure, a condition that results when fluid builds up in the body because the heart’s 
pumping action is weak. Unlike many commercial medications that are synthesized from 
simple precursors, digoxin is still obtained by extraction of the leaves of the woolly foxglove 
plant, which is grown in the Netherlands and shipped to the United States for processing. One 
thousand kilograms of dried leaves yield one kilogram of digoxin, sold under the trade name 
of Lanoxin. Digoxin contains three acetal units, which are formed by addition reactions to car- 
bonyl groups. In Chapter 21, we learn about nucleophilic addition, the characteristic reaction 
of aldehydes and ketones. 


21.1 
21.2 
21.3 
21.4 


21.5 


21.6 


21.7 


21.8 


21.9 


21.10 
21.11 
21.12 
21.13 


21.14 


21.15 


21.16 
21.17 


Introduction 
Nomenclature 
Physical properties 
Spectroscopic 
properties 
Interesting aldehydes 
and ketones 


Preparation of 
aldehydes and ketones 


Reactions of aldehydes 
and ketones—General 
considerations 


Nucleophilic addition of 
H- and R- —A review 
Nucleophilic addition 
of “CN 

The Wittig reaction 
Addition of 1° amines 
Addition of 2° amines 
Addition of 
H,0—Hydration 
Addition of alcohols— 
Acetal formation 
Acetals as protecting 
groups 

Cyclic hemiacetals 


An introduction to 
carbohydrates 
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21.1 


An aldehyde is often written 

as RCHO. Remember that the 
H atom is bonded to the 
carbon atom, not the oxygen. 
Likewise, a ketone is written as 
RCOR, or if both alkyl groups 
are the same, RCO. Each 
structure must contain a C=0 


for every atom to have an octet. 


Increasing the number of alkyl 
groups on the carbonyl carbon 
decreases reactivity for both 
steric and electronic reasons, 
as discussed in Section 20.2B. 


Probiean 


Probie 2 


Aldehydes and Ketones—Nucleophilic Addition 


In Chapter 21 we continue the study of carbonyl compounds with a detailed look at alde- 
hydes and ketones. We will first learn about the nomenclature, physical properties, and spec- 
troscopic absorptions that characterize aldehydes and ketones. The remainder of Chapter 21 is 
devoted to nucleophilic addition reactions. Although we have already learned two examples of 
this reaction in Chapter 20, nucleophilic addition to aldehydes and ketones is a general reaction 
that occurs with many nucleophiles, forming a wide variety of products. 


Every new reaction in Chapter 21 involves nucleophilic addition, so the challenge lies in 
learning the specific reagents and mechanisms that characterize each reaction. 


Introduction 


As we learned in Chapter 20, aldehydes and ketones contain a carbonyl group. An aldehyde 
contains at least one H atom bonded to the carbonyl carbon, whereas a ketone has two alkyl or 
aryl groups bonded to it. 


0: ‘0: ‘0: 
He, ROH n^n 
carbonyl group aldehyde ketone 


Two structural features determine the chemistry and properties of aldehydes and ketones. 


sp? hybridized 
n, 8t & 


| 
ae @ = ea 


trigonal planar electrophilic carbon 


e The carbonyl group is sp” hybridized and trigonal planar, making it relatively uncrowded. 


e The electronegative oxygen atom polarizes the carbonyl group, making the carbonyl 
carbon electrophilic. 


As a result, aldehydes and ketones react with nucleophiles. The relative reactivity of the car- 
bonyl group is determined by the number of R groups bonded to it. As the number of R groups 
around the carbonyl carbon increases, the reactivity of the carbonyl compound decreases, 
resulting in the following order of reactivity: 


Increasing steric hindrance.) > 


Rank the following compounds in order of increasing reactivity towards nucleophilic attack. 
(6) O (0) 


Explain why benzaldehyde is less reactive than cyclohexanecarbaldehyde towards nucleophilic attack. 


benzaldehyde cyclohexanecarbaldehyde 
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21.2 Nomenclature 


Both IUPAC and common names are used for aldehydes and ketones. 


21.2A Naming Aldehydes in the IUPAC System 


In IUPAC nomenclature, aldehydes are identified by a suffix added to the parent name of the 
longest chain. Two different suffixes are used, depending on whether the CHO group is bonded 
to a chain or a ring. 


To name an aldehyde using the IUPAC system: 


[1] If the CHO is bonded to a chain of carbons, find the longest chain containing the CHO 
group, and change the -e ending of the parent alkane to the suffix -al. If the CHO group is 
bonded to a ring, name the ring and add the suffix -carbaldehyde. 


[2] Number the chain or ring to put the CHO group at C1, but omit this number from the name. 
Apply all of the other usual rules of nomenclature. 


Sample Problem 21.1 Give the IUPAC name for each compound. 
CH, o CHO 
a. CHaCHCH-Ġ b. X 
CH, H CH,CH3 


Solution 


a. [1] Find and name the longest chain [2] Number and name substituents: 


containing the CHO: 


o A a 
| CH:CHÇH-Ġ | CHaGHCH-G 
CH, H vj CH, |H 

C3 C2 Ci 


butane —> butana/ 


(4 C's) 


b. [1] Find and name the ring bonded 
to the CHO group: 


Answer: 2,3-dimethylbutanal 


[2] Number and name substituents: 


C1 
CH2CH3 [| CH;CH; 
c2 
cyclohexane + carbaldehyde 
Answer: 


Gic 2-ethylcyclohexanecarbaldehyde 


CHO 
S mj 


Problem 21.4 Give the structure corresponding to each IUPAC name. 


a. 2-isobutyl-3-isopropylhexanal c. 1-methylcyclopropanecarbaldehyde 
b. trans-3-methylcyclopentanecarbaldehyde d. 3,6-diethylnonanal 


Problem 21.3 Give the IUPAC name for each aldehyde. 


a. (CHa)3CC(CH3)2CH;CHO b. 
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21.2B Common Names for Aldehydes 


Like carboxylic acids, many simple aldehydes have common names that are widely used. 


¢ A common name for an aldehyde is formed by taking the common parent name and 
adding the suffix -aldehyde. 


The common parent names are similar to those used for carboxylic acids, listed in Table 19.1. 
The common names formaldehyde, acetaldehyde, and benzaldehyde are virtually always used 
instead of their IUPAC names. 


T 
fe) 
I Q Cy 
PON JOAS 
H H CH; `H 
formaldehyde acetaldehyde benzaldehyde 
(methanal) (ethanal) (benzenecarbaldehyde) 


(IUPAC names are in parentheses.) 


Greek letters are used to designate the location of substituents in common names. The carbon 
adjacent to the CHO group is the & carbon, and so forth down the chain. 


Start lettering here. 
Q | 


asin 
a Bp y 6 


Figure 21.1 gives the common and IUPAC names for three aldehydes, 


Figure 21.1 B carbon 
Three examples of Gechopatban es C1 
aldehyde nomenclature 
CHgCHCHO NY TE 
Cl Ò 
2-chloropropanal 3-methylpentanal phenylethanal 
(a-chioropropionaldehyde) (B-methylvaleraldehyde) (phenylacetaldehyde) 


(Common names are in parentheses.) 


21.2C Naming Ketones in the IUPAC System 
e In the IUPAC system all ketones are identified by the suffix -one. 


To name an acyclic ketone using IUPAC rules: 


[1] Find the longest chain containing the carbonyl group, and change the -e ending of the parent 
alkane to the suffix -one. 

[2] Number the carbon chain to give the carbonyl carbon the lower number. Apply all of the other 
usual rules of nomenclature. 


With cyclic ketones, numbering always begins at the carbonyl carbon, but the “1” is usually 
omitted from the name. The ring is then numbered clockwise or counterclockwise to give the 
first substituent the lower number. 
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Sample Problem 21.2 Give the IUPAC name for each ketone. 


(0) 
Q 
a. P CHOH CHa b. 
CH3 CH3 
Solution 


a. [1] Find and name the longest chain 
containing the carbonyl group: 


[2] Number and name substituents: 


ie) 
CH3z—-C—CHCH2CH, 
CH, CHa 
Ci C2 
pentane —> pentanone 
(5 C’s) Answer: 3-methyl-2-pentanone 


b. [1] Name the ring: 


[2] Number and name substituents: 


Q 0 1 
Fa 
C4 | 
c3 
cyclohexane —> cyclohexanone 
Answer: 


(6 C’s) 


3-isopropyl-4-methylcyclohexanone 


Problem 21.5 Give the IUPAC name for each ketone. 
CHa 
(CH3)3C 
a. g b. o c. (CHs)gCCOC(CHs), 
21.2D Common Names for Ketones 


Most common names for ketones are formed by naming both alkyl groups on the carbonyl 
carbon, arranging them alphabetically, and adding the word ketone. Using this method, the 
common name for 2-butanone becomes ethyl methyl ketone. 


methyl group ethyl group 

(0) 
l fo) 
CHS ~CH,CH3 CH3, *CH2CH, 


IUPAC name: 2-butanone Common name: ethyl methyl ketone 


Three widely used common names for some simple ketones do not follow this convention: 


? G 


CH% `CH3 


O 
O 
a8 
3 
O=0 


acetone acetophenone benzophenone 
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Figure 21.2 


Two examples of 
ketone nomenclature 


21.2E 


Do not confuse a benzyl group 
with a benzoyl group. 


Qe 


benzyl group 


Problem 21.6 


Problem 21.7 


21.3 


Problem 21.8 


Figure 21.2 gives acceptable names for two ketones. 


? 
Br. Gx 
AN D CHa 


O 
IUPAC name: 2-methyl-3-pentanone m-bromoacetophenone 
Common name: ethyl isopropyl ketone or 


3-bromoacetophenone 


Additional Nomenclature Facts 


Sometimes acyl groups (RCO—) must be named as substituents. To name an acyl group, take 
either the IUPAC or common parent name and add the suffix -yl or -oyl. The three most common 
acyl groups are drawn below. 


Q 
i i y 
HOS cH 3 


formyl group acetyl group benzoyl group 


Compounds containing both a C-C double bond and an aldehyde are named as enals, and com- 
pounds that contain both a C-C double bond and a ketone are named as enones. The chain is 
numbered to give the carbonyl group the lower number. 


Tu 


2 4 
2,2-dimethyl-3-butenal 4-methyl-3-penten-2-one 


Give the structure corresponding to each name: (a) sec-butyl ethyl ketone; (b) methyl vinyl ketone; 
(c) p-ethylacetophenone; (d) 3-benzoyl-2-benzylcyclopentanone; (e) 6,6-dimethyl-2-cyclohexenone; 
(f) 3-ethyl-5-hexenal. 


Give the IUPAC name (including any £,Z designation) for each unsaturated aldehyde. Neral is 
obtained from lemon grass, and the unmistakable odor of a freshly cut cucumber is due largely to 
cucumber aldehyde. 


neral cucumber aldehyde 


Physical Properties 


Aldehydes and ketones exhibit dipole-dipole interactions because of their polar carbonyl 
group. Because they have no O-H bond, two molecules of RCHO or RCOR are incapable of 
intermolecular hydrogen bonding, making them less polar than alcohols and carboxylic acids. 
How these intermolecular forces affect the physical properties of aldehydes and ketones is sum- 
marized in Table 21.1. 


The boiling point of 2-butanone (80 °C) is significantly higher than the boiling point of diethyl! ether 
(35 °C), even though both compounds exhibit dipole-dipole interactions and have comparable 
molecular weights. Offer an explanation. 
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Table 21.1 Physical Properties of Aldehydes and Ketones a 


Property Observation 
Boiling point and e For compounds of comparable molecular weight, bp’s and mp’s follow the usual trend: The stronger the 
melting point intermolecular forces, the higher the bp or mp. 
CH3CHCH2CH2CH3 CHCH CH CHO CH3CH2CHCHOH 
VDW VDW, DD MW=72 VDW, DD, HB 
MW =72 bp 76 °C MW = 74 
bp 36 °C bp 118°C 
CH3CH,COCH, 
VDW, DD MW=72 
bp 80 °C 
Increasing strength of intermolecular forces 
Increasing boiling point 

Solubility e RCHO and RCOR are soluble in organic solvents regardless of size. 


e RCHO and RCOR having < 5 C’s are H20 soluble because they can hydrogen bond with H20 (Section 3.40). 


¢ RCHO and RCOR having > 5 C’s are H20 insoluble because the nonpolar alkyl portion is too large to 
dissolve in the polar H20 solvent. 


Key: VDW = van der Waals, DD = dipole-dipole, HB = hydrogen bonding, MW = molecular weight 


21.4 Spectroscopic Properties 


The presence of the carbonyl group in aldehydes and ketones gives them characteristic absorp- 
tions in their IR and NMR spectra. 


21.4A IR Spectra 
Aldehydes and ketones exhibit the following characteristic IR absorptions: 


e Like all carbonyl compounds, aldehydes and ketones give a strong peak at ~1700 cm! 
due to the C=O. 

e The sp” hybridized C-H bond of an aldehyde shows one or two peaks at 
~2700-2830 cm”. 


The IR spectrum of propanal in Figure 21.3 illustrates these characteristic peaks. 


Figure 21.3 100 += 


The IR spectrum of 
propanal, CH3;CH,CHO 


C. 
CH,CHs ~H 
propanal 


% Transmittance 
164] 
oO 


4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm) 


e A strong C=O occurs at 1739 cm”. 
e The sp? C-H of the CHO appears as two peaks at 2813 and 2716 cm”. 


814 Chapter 21 Aldehydes and Ketones—Nucleophilic Addition 


The exact position of the carbonyl absorption often provides additional information about a com- 
pound. For example, most aldehydes have a C=O peak around 1730 cm™, whereas for ketones, 
it is typically around 1715 em“, Two other structural features—ring size (for cyclic ketones) and 
conjugation—affect the location of the carbonyl absorption in a predictable manner. 


[1] The carbonyl absorption of cyclic ketones shifts to higher wavenumber as the size of 
the ring decreases and the ring strain increases. 


O o 
t g 
1715 cm! 1745 cm"! 1780 cm7! 


Increasing ring strain 
Increasing wavenumber of the C=0 absorption 


[2] Conjugation of the carbonyl group with a C=C or a benzene ring shifts the absorption 
to lower wavenumber by ~30 cm”. 


The effect of conjugation on the frequency of the C=O absorption is explained by resonance. 
An o,B-unsaturated carbonyl compound can be written as three resonance structures, two of 
which place a single bond between the carbon and oxygen atoms of the carbonyl group. Thus, 
the m bond of the carbonyl group is delocalized, giving the conjugated carbonyl group some 
single bond character, and making it somewhat weaker than an unconjugated C=O. Weaker 
bonds absorb at lower frequency (lower wavenumber) in an IR spectrum. 


70 D :87 7 or 
A> + E + 5* 
a - WIZ e I> S? T 
. — hybrid 
o.,B-unsaturated Two resonance contributors have 
carbonyl group a C-O single bond. The x bonds are 
= delocalized. 


Figure 21.4 illustrates the effects of conjugation on the location of the carbonyl absorption in 
some representative compounds. 


Figure 21.4 (6) fe) 9 O 
The effect of conjugation on 
the carbonyl absorption Ch; Ga O 
in an IR spectrum 
1709 cm! 1685 cm“! 1715 cm" 1685 cm“! 


conjugated C=O 
lower wavenumber 


conjugated C=O 
lower wavenumber 


Problem 21.9 Which carbonyl group in each pair absorbs at a higher frequency? 


a AS CHO or „~ CHO b. O or [>=0 
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21.4B NMR Spectra 


Aldehydes and ketones exhibit the following characteristic 'H and "°C NMR absorptions: 


* The sp” hybridized C-H proton of an aldehyde is highly deshielded and absorbs far 
downfield at 9-10 ppm. Splitting occurs with protons on the œ carbon, but the coupling 
constant is often very small (J = 1-3 Hz). 


e Protons on the & carbon to the carbonyl group absorb at 2-2.5 ppm. Methyl ketones, 
for example, give a characteristic singlet at ~2.1 ppm. 


e Ina PC NMR spectrum, the carbonyl carbon is highly deshielded, appearing in the 
190-215 ppm region. 


The 'H and °C NMR spectra of propanal are illustrated in Figure 21.5. 


Figure 21.5 
The 'H and '°C NMR spectra of propanal, CH3CH2CHO 


1H NMR spectrum 


130 NMR spectrum 


? 
C 
CH3CHS “`H 


t 


10 9 8 7 6 5 4 3 2 1 0 220 200 180 160 140 120 100 80 60 40 20 0 
ppm ppm 
© 1H NMR: There are three signals due to the three different kinds of hydrogens, labeled Ha, Hp, and He. The deshielded CHO proton 
occurs downfield at 9.8 ppm. The H, signal is split into a triplet by the adjacent CH. group, but the coupling constant is small. 
e 13C NMR: There are three signals due to the three different kinds of carbons, labeled Cz, Cp, and C,. The deshielded carbonyl carbon 
absorbs downfield at 203 ppm. 


Probier 21,10 Draw the structure of all constitutional isomers that contain a ketone and have molecular formula 
CsH400. Give the IUPAC name for each isomer and state how ‘SC NMR spectroscopy could be 
used to distinguish these isomers. 


21.5 Interesting Aldehydes and Ketones 


Because it is a starting material for the synthesis of many resins and plastics, billions of pounds 
of formaldehyde are produced annually in the United States by the oxidation of methanol 
(CHOH). Formaldehyde is also sold as a 37% aqueous solution called formalin, which has 
been used as a disinfectant, antiseptic, and preservative for biological specimens. Formaldehyde, 
a product of the incomplete combustion of coal and other fossil fuels, is partly responsible for 
the irritation caused by smoggy air. 


v 


formaldehyde 
CH,=O 


Acetone is an industrial solvent and a starting material in the synthesis of some organic poly- 

mers. Acetone is produced in vivo during the breakdown of fatty acids. In diabetes, a common 

endocrine disease in which normal metabolic processes are altered because of the inadequate 

d secretion of insulin, individuals often have unusually high levels of acetone in their bloodstreams. 

acetone The characteristic odor of acetone can be detected on the breath of diabetic patients when their 
(CH3)2C=0 disease is poorly controlled. 
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Many aldehydes with characteristic odors occur in nature, as shown in Figure 21.6. 


Figure 21.6 Some naturally occurring aldehydes with strong odors 


< 
ps 
me» Yew “@; @ 
ec . % we 
@ eo @ < i @ ® w 
4 o o eS A, z? dul de 
si F citronellal 
vanillin (lemony odor, isolated 


(flavoring agent from from lemon grass) 


vanilla beans) 


y 8 yt 5 
F ey ei 
2, @ 9 @ > : 
ee © see 4 2 
ee Oe 6 ato? 
v @ 2] = J ye i sa! 
xt 
= geranial 
cinnamaldehyde (lemony odor, isolated 
(odor of cinnamon) from lemon grass) 


Many steroid hormones contain a carbonyl along with other functional groups. Cortisone and 
prednisone are two anti-inflammatory steroids with closely related structures. Cortisone is 
secreted by the body’s adrenal gland, whereas prednisone is a synthetic analogue used in the 
treatment of inflammatory diseases such as arthritis and asthma. 


cortisone prednisone 
(naturally occurring) (synthetic) 


21.6 Preparation of Aldehydes and Ketones 


Aldehydes and ketones can be prepared by a variety of methods. Because these reactions are 
needed for many multistep syntheses, Section 21.6 briefly summarizes earlier reactions that 
synthesize an aldehyde or ketone. 
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21.6A Common Methods to Synthesize Aldehydes 


21.6B 


Aldehydes are prepared from 1° alcohols, esters, acid chlorides, and alkynes. 


e By oxidation of 1° 
alcohols with PCC 


e By reduction of esters 


and acid chlorides 


e By hydroboration- 
oxidation of an 
alkyne 


fe) 
RCH,—OH es Ë 
1° alcohol 
Q fo) 
pom [1] DIBAL-H l 
R oO ' ae ro >H 
ester liber 
e] j 
i [1] LiAIH[OC(CHs)s]5 Q 
PWN _—_—_..____> ow 
R c [2] H2O RH 
acid chloride 
1] RBH 9 
R-c=c-H4 | RBH g 
alkyne [2] H202, 70H RCH; `H 


Common Methods to Synthesize Ketones 


Ketones are prepared from 2° alcohols, acid chlorides, and alkynes. 


e By oxidation of 2° 
alcohols with Cr 
reagents 


e By reaction of acid 
chlorides with 
organocuprates 


e By Friedel-Crafts 
acylation 


e By hydration of an 
alkyne 


CrO; or 
QH Na,Cr,0; or 9 
R=0=R K2Cr207 or ae 
H PCC 
2° alcohol 
9 [1] R'sCuLi ? 
xx Se 26x 
R Cl [2] H2O R R' 
acid chloride 
1@) 
o f 
l AlCl} SR 
E a — 
R cI 
acid chloride 
HO Ni 
R-C=C-—H 2 en 
alkyne HS0, R CH; 
HgSO, 


(Section 12.12B) 


(Section 20.7A) 


(Section 11.10) 


(Section 12.12A) 


(Section 20.13) 


(Section 18.5) 


(Section 11.9) 


Aldehydes and ketones are also both obtained as products of the oxidative cleavage of alkenes 


(Section 12.10). 


alkene 


R H 
O53 Zn, H2O \ / 
— or ro + OG ; 
CH,;SCH, R R 
ketone aldehyde 
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Problem 21.11 


Problem 21.12 


Problem 21.13 


21.7 


What reagents are needed to convert each compound into butanal (CH3CH2CH2CHO)}: 
(a) CH3CHzCH2,COOCHs; (b) CHs3CH2CH2CH20H; (c) HC = CCH2CH;; 
(d) CHCH2CH2CH = CHCH2CH2CH3? 


What reagents are needed to convert each compound into acetophenone (CgH;COCHs): 
(a) benzene; (b) CgHsCOCI; (c) CsgH;C = CH? 


What alkene would yield 2,2-dimethoxy-1,3-cyclopentanedicarbaldehyde on treatment with Og 
followed by (CH3)2S? 


CHO OCH, 
OHC CHO 


2,2-dimethoxy-1,3-cyclopentanedicarbaldehyde 


Reactions of Aldehydes and Ketones— 
General Considerations 


Let’s begin our discussion of carbony] reactions by looking at the two general kinds of reactions 
that aldehydes and ketones undergo. 


[1] Reaction at the carbonyl carbon 


Recall from Chapter 20 that the uncrowded, electrophilic carbonyl carbon makes aldehydes and 
ketones susceptible to nucleophilic addition reactions. 


General reaction— (6) OH —— 
Nucleophilic addition pi [1]:Nu" [2] HzO | H and Nu 
Pi E SoR-C-HIR) 
R H(R') or | are added. 
HNu: Nu 


The elements of H and Nu are added to the carbonyl group. In Chapter 20 you learned about 
this reaction with hydride (H: ) and carbanions (R:>) as nucleophiles. In Chapter 21, we will 
discuss similar reactions with other nucleophiles. 


[2] Reaction at the o carbon 


A second general reaction of aldehydes and ketones involves reaction at the œ carbon. A C-H 
bond on the & carbon to a carbonyl group is more acidic than many other C-H bonds, because 
reaction with base forms a resonance-stabilized enolate anion. 


e Enolates are nucleophiles, and so they react with electrophiles to form new bonds on 
the œ carbon. 


electrophile 
| General reaction | 70: 70; oe 0 
at the a carbon C gs z D Cy 
RO a B eal Ree, RO aa 
o. carbon | new bond on the 
o carbon 
:0: 


“ea 


R” “CH, + H—Bt 


resonance-stabilized 
enolate anion 
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Chapters 23 and 24 are devoted to reactions at the œ carbon to a carbonyl group. 


e Aldehydes and ketones react with nucleophiles at the carbonyl carbon. 
e Aldehydes and ketones form enolates that react with electrophiles at the œ carbon. 


21.7A The General Mechanism of Nucleophilic Addition 


Two general mechanisms are usually drawn for nucleophilic addition, depending on the nucleo- 
phile (negatively charged versus neutral) and the presence or absence of an acid catalyst. With 
negatively charged nucleophiles, nucleophilic addition follows the two-step process first discussed 
in Chapter 20—nucleophilic attack followed by protonation, as shown in Mechanism 21.1. 


{S Mechanism 21.1 General Mechanism—Nucleophilic Addition 


zi wees ES M e In Step [1], the nucleophile attacks the 
it Gi H~-QH aon carbonyl group, cleaving the z bond and 
ROHR) ~mn R- ÇH) a AGH moving an electron pair onto oxygen. This 
( Nu Nu forms an sp? hybridized intermediate with a 
NUT " new C- Nu bond. 
[ | "iaai | oa In Step [2], protonation of the negativel 
| = mts e in , pro ion ne y 
pc eopniig atack] | protonation | + :QH charged O atom by H20 forms the addition 
product. 


In this mechanism nucleophilic attack precedes protonation. This process occurs with strong 
neutral or negatively charged nucleophiles. 


With some neutral nucleophiles, however, nucleophilic addition does not occur unless an acid 
catalyst is added. The general mechanism for this reaction consists of three steps (not two), but 
the same product results because H and Nu add across the carbonyl m bond. In this mechanism, 
protonation precedes nucleophilic attack. Mechanism 21.2 is shown with the neutral nucleo- 
phile H—Nu: and a general acid H-A. 


eS Mechanism 21.2 General Mechanism—Acid-Catalyzed Nucleophilic Addition 


Step [1] Protonation of the carbonyl group 


N . 
oF H—A OH OH 
ea —<—————F Ac O OS vom F AD e Protonation of the carbonyl oxygen forms a 
A rr m] Š H(R) R H(R}) resonance-stabilized cation that bears a full 


positive charge. 


; f two resonance structures 
| protonation 
L 


Steps [2]-[3] Nucleophilic attack and deprotonation 


:0H :0H :ÖH e In Step [2], the nucleophile attacks, and then 
| | | deprotonation forms the neutral addition 
JOL ———— R-C-H(R) ~———_— R-C-H(R’)) } 
R+ H(R') [2] wl [3] ji product in Step [3]. 
u :Nu 
M. t 2 e The overall result is the addition of H and Nu 


—— i + H= 
| nucleophilic attack i | deprotonation | HA to the carbonyl group. 
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21.7B 


The effect of protonation is to convert a neutral carbonyl group to one having a net positive 
charge. This protonated carbonyl group is much more electrophilic, and much more suscep- 
tible to attack by a nucleophile. This step is unnecessary with strong nucleophiles like hydride 
(H:7) that were used in Chapter 20. With weaker nucleophiles, however, nucleophilic attack does 
not occur unless the carbonyl group is first protonated. 


ò A T + $$ — 
20: AD ‘OH | A protonated carbonyl is needed for reaction 
LON. Bice | with less reactive, neutral nucleophiles. 
R gt H(R’) R H(R’) — — 
no net charge, net (+) charge, 
less electrophilic more electrophilic 


This step is a specific example of a general phenomenon. 


e Any reaction involving a carbonyl group and a strong acid begins with the same first 
step—protonation of the carbonyl oxygen. 


The Nucleophile 


What nucleophiles add to carbonyl groups? This cannot be predicted solely on the trends in 
nucleophilicity learned in Chapter 7. Only some of the nucleophiles that react well in nucleophilic 
substitution at sp? hybridized carbons give reasonable yields of nucleophilic addition products. 


CT, Br”, and T are good nucleophiles in substitution reactions at sp? hybridized carbons, 
but they are ineffective nucleophiles in addition. Addition of Cl to a carbonyl group, for 
example, would cleave the C—O r bond, forming an alkoxide. Because CI" is a much weaker 
base than the alkoxide formed, equilibrium favors the starting materials (the weaker base, CI), 
not the addition product. 


EO :6; <—— Stronger base 
i me | 
za. o o 
‘Cl: 


weaker base—»:C|: 
Equilibrium favors the weaker base | 
in the starting materials. 


The situation is further complicated because some of the initial nucleophilic addition adducts 
are unstable and undergo elimination to form a stable product. For example, amines (RNH3) 
add to carbonyl groups in the presence of mild acid to form unstable carbinolamines, which 
readily lose water to form imines. This addition—elimination sequence replaces a C=O by a 
C=N. The details of this process are discussed in Section 21.11. 


per 
NHR 


carbinolamine 


x RNH> -H20 \ 


| elimination 


| addition | 


Figure 21.7 lists nucleophiles that add to a carbonyl group, as well as the products obtained 
from nucleophilic addition using cyclohexanone as a representative ketone. These reactions are 
discussed in the remaining sections of Chapter 21. In cases in which the initial addition adduct 
is unstable, it is enclosed within brackets, followed by the final product. 
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Figure 21.7 _ Nucleophile " Addition product 
Specific examples of 
nucleophilic addition 
( NaBH,, CH,OH O 
O 
or Section 21. 
[1] LiAIH,; [2] H2O H Rectoris ae 


cyclohexanone 
[1] RMgX or RLi OH 
R (Section 21.8) 
OH 
CN (Section 21.9) 


cyanohydrin | Final product | 
OY" | a3 O- 
> CR2 (Section 21.10 
je —PhgP=0 ) 
R R 


oxaphosphetane alkene 
Os 
mild acid NHR ho (Section 21.11) 
carbinolamine imine 
OH 
mild asd NR, ho NR (Section 21.12) 
carbinolamine enamine 
OH | ROH l 
OR H0” (Section 21.14) 
hemiacetal acetal 


21.8 Nucleophilic Addition of H and R —A Review 


We begin our study of nucleophilic additions to aldehydes and ketones by briefly reviewing 
nucleophilic addition of hydride and carbanions, two reactions examined in Sections 20.4 and 
20.10, respectively. 


Treatment of an aldehyde or ketone with either NaBH; or LiAIH, followed by protonation 
forms a 1° or 2° alcohol. NaBH, and LiAIH;, serve as a source of hydride, H: —the nucleo- 
phile—and the reaction results in addition of the elements of H, across the C—O r bond. Addi- 
tion of H, reduces the carbonyl group to an alcohol. 


ie) \ =o 
Uf H20 
_ General reaction Ae. ae Z e ¢- H(R') | addition of Hp 
E 


R  H(R') or 
LiAIH, H 
1° or 2° alcohol 
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The stereochemistry of hydride 
reduction and Grignard 
addition was discussed 
previously in Sections 20.5 
and 20.10B, respectively. 


wen 


Sample Problem 21.3 


Hydride reduction of aldehydes and ketones occurs via the two-step mechanism of nucleophilic 


addition—that is, nucleophilic attack of H: followed by protonation—shown previously in 
Section 20.4B. 


po; Po a ÖH 
C., —— CH;CH—C—H CH,;CH,—C—H + Li*-OH 
CH,CH3/ `H í] dii I [2] e I 
Li+ H3AI--H | + AIH, | 1° alcohol 


nucleophilic attack | protonation 


Treatment of an aldehyde or ketone with either an organolithium (R"Li) or Grignard 
reagent (R"MgX) followed by water forms a 1°, 2°, or 3° alcohol containing a new carbon- 
carbon bond. R"Li and R"MgX serve as a source of a carbanion (R") —the nucleophile—and 
the reaction results in addition of the elements of R" and H across the C—O n bond. 


| General reaction | Q R"MgX H20 ra | 
e iira addition of 
ROHR) o 7 ~ iR ¢ H(R’) R" and H | 
R'Li il R" 
aldehyde or ketone = 
| new C-C bond 


1°, 2°, or 3° alcohol 


The nucleophilic addition of carbanions to aldehydes and ketones occurs via the two-step mecha- 
nism of nucleophilic addition—that is, nucleophilic attack of (R'') followed by protonation— 
shown previously in Section 20.10. 
Gr 
= CH;CH;— C-H OH, wean 6-H +L" -OH 


—. Cxi 1] 


j 
E nucleophilic attack | protor protonation 2° alcohol 


In both reactions, the nucleophile—either hydride or a carbanion—attacks the trigonal planar sp? 
hybridized carbonyl from both sides, so that when a new stereogenic center is formed, a mixture 
of stereoisomers results, as shown in Sample Problem 21.3. 


Draw the products (including the stereochemistry) formed in the following reaction. 


CH, 
[1] CHgMgCl 
Oo — > 
[2] HzO 


(3R)-3-methylcyclopentanone 


Problem 21.14 


21.9 


21.9 Nucleophilic Addition of “CN 823 


Solution 

The Grignard reagent adds CH; from both sides of the trigonal planar carbonyl group, yielding 
a mixture of 3° alcohols after protonation with water. In this example, the starting ketone and 
both alcohol products are chiral. The two products, which contain two stereogenic centers, are 
stereoisomers but not mirror images—that is, they are diastereomers. 


CH3 adds from the front. 


te: H2O Ta 
Ch; ye “OH 
DA- ua diastereomers 


Oo + 
CH, 


U 


CH; 
oe i fea De H20 Le 
-3-methylcyclopentanone fe, = F t, 
(R) ylcyclop ‘CHa Ch, 

3° alcohols 
CH, adds from behind. | 


Draw the products of each reaction. Include all stereoisomers formed, 


(e) O 
a. : p G 
(CHg)gC 


CH30H [2] H2O 


Nucleophilic Addition of “CN 


Treatment of an aldehyde or ketone with NaCN and a strong acid such as HCI adds the elements 
of HCN across the carbon—oxygen t bond, forming a cyanohydrin. 


? NaCN a 
Nucleophilic addition of HCN 3x = R-CG=HIA) 
R H(R') HCI én 


“HCN” cyanohydrin 


This reaction adds one carbon to the aldehyde or ketone, forming a new carbon-carbon bond. 


| Example | OH 
Example Q NaCN | 
yGx — CH3—C—H 
CH3 H HCI is r - new C-C bond 


acetaldehyde 
cyanohydrin 
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21.9A The Mechanism 


The mechanism of cyanohydrin formation involves the usual two steps of nucleophilic addition: 
nucleophilic attack followed by protonation as shown in Mechanism 21.3. 


{> Mechanism 21.3 Nucleophilic Addition of "CN—Cyanohydrin Formation 


27 HON Bei e In Step [1], nucleophilic attack of “CN 
él iá i forms a new carbon-carbon bond with 
RHE) [1] HGH) [2] Roe cleavage of the C-O z bond. 
-IC=N: t _ ON __if f C=N: e In Step [2], protonation of the negatively 
nucleophilic attack | protonation addition product charged O atom by HCN forms the addition 
m —" product. The hydrogen cyanide (HCN) used 


in this step is formed by the acid-base 
reaction of cyanide (CN) with the strong 
acid, HCI. 


This reaction does not occur with HCN alone. The cyanide anion makes addition possible 
because it is a strong nucleophile that attacks the carbonyl group. 


Cyanohydrins can be reconverted to carbonyl compounds by treatment with base. This process is 
just the reverse of the addition of HCN: deprotonation followed by elimination of “CN. 


DH OH 65, ʻO: 
R-C-HR) ——> R-CHR) —> _c + -CN 
1 2 i 
ÈN y Son É R H(R') 


deprotonation + HÖ: | joss of “CN 


Note the difference between 
two similar terms. Hydration 


The cyano group (CN) of a cyanohydrin is readily hydrolyzed to a carboxy group (COOH) by heat- 
ing with aqueous acid or base. Hydrolysis replaces the three C-N bonds by three C—O bonds. 


results in adding water to a — ] OH OH 

compound. Hydrolysis results Hydrolysis of a R-C-R' _ He R-C-R' 

in cleaving bonds with water. cyano group. I (H+ or ~OH) i 
C=N A COOH 


Problem 21.15 Draw the products of each reaction. 
CHO 
NaCN a= H,0*, A 
a — b. > 
HCI CN 


21.9B Application: Naturally Occurring Cyanohydrin Derivatives 


Although the cyanohydrin is an uncommon functional group, linamarin and amygdalin are 
two naturally occurring cyanohydrin derivatives. Both contain a carbon atom bonded to both an 
oxygen atom and a cyano group, analogous to a cyanohydrin. 


HO 5 
a 
/ HO HO 
‘ Q O 
— HAGA CN HO O. LCN 
Peach and apricot pits X 


are a natural source of the 
cyanohydrin derivative linamarin 
amygdalin. 


amygdalin 


Cassava is a widely grown root 
crop, first introduced to Africa 
by Portuguese traders from 
Brazil in the sixteenth century. 
The peeled root is eaten after 
boiling or roasting. If the root 
is eaten without processing, 
illness and even death can 
result from high levels of HCN. 


Problem 21.16 


21.10 


21.10 The Wittig Reaction 825 


Linamarin is isolated from cassava, a woody shrub grown as a root crop in the humid tropical 
regions of South America and Africa. Amygdalin is present in the seeds and pits of apricots, 
peaches, and wild cherries. Amygdalin, sometimes called laetrile, was once touted as an anti- 
cancer drug, and is still available in some countries for this purpose, although its effectiveness 
is unproven. 


Both linamarin and amygdalin are toxic compounds because they are metabolized to cyano- 
hydrins, which are hydrolyzed to carbonyl compounds and toxic HCN gas, a cellular poison with 
a characteristic almond odor. This second step is merely the reconversion of a cyanohydrin to a 
carbonyl compound, a process that occurs with base in reactions run in the laboratory (Section 
21.9A). If cassava root is processed with care, linamarin is enzymatically metabolized by this 
reaction sequence and the toxic HCN is released before the root is ingested, making it safe to eat. 


HO 
Hao q Lo UCN enzyme HO UCN enzyme 2 f i 
f P A So- art he ECL + | HCN 
HO /\ CH4 ~~CH, Le | 
CH, CH; CH; CH; 
linamarin ~ T acetone toxic 
cyanohydrin cyanohydrin by-product 
derivative 


What cyanohydrin and carbonyl compound are formed when amygdalin is metabolized in a similar 
manner to linamarin? 


The Wittig Reaction 


The additions of H`, R7, and CN all involve the same two steps—nucleophilic attack followed 
by protonation. Other examples of nucleophilic addition in Chapter 21 are somewhat different. 
Although they still involve attack of a nucleophile, the initial addition adduct is converted to 
another product by one or more reactions. 


The first reaction in this category is the Wittig reaction, named for German chemist Georg Wit- 
tig, who was awarded the Nobel Prize in Chemistry in 1979 for its discovery. The Wittig reaction 
uses a carbon nucleophile, the Wittig reagent, to form alkenes. When a carbonyl compound is 
treated with a Wittig reagent, the carbonyl oxygen atom is replaced by the negatively charged 
alkyl group bonded to the phosphorus—that is, the C=O is converted to a C=C. 


= 


mba | : 
\ 


3 pan 
| The Wittig reaction | A | / 
=o pac +  Ph3gP=O 
(R)H RH A “i 
Wittig reagent . triphenylphosp' ine 
alkene oxide 


e A Wittig reaction forms two new carbon-carbon bonds—one new o bond and one new 
at bond—as well as a phosphorus by-product, Ph3P = O (triphenylphosphine oxide). 


= 
| Examples CH, Ph3P-CHp | 
bla | 
PhaP-CHCH, | 


CH; 


ae 
prot | 

H E 
CHCH; + Ph3gP=O 


+ PhP=0 
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21.10A 


Phosphorus ylides are also 
called phosphoranes. 


Step [1] 


Because phosphorus is located 
below nitrogen in the periodic 
table, a neutral phosphorus 
atom with three bonds also has 
a lone pair of electrons. 


Step [2] 


The Wittig Reagent 


A Wittig reagent is an organophosphorus reagent—a reagent that contains a carbon- 
phosphorus bond. A typical Wittig reagent has a phosphorus atom bonded to three phenyl groups, 
plus another alkyl group that bears a negative charge. 


Le ae ual 
P—C abbreviated as Pira, 


A | an ylide 
SS 
Wittig reagent 


we 


(+) and (-) charges on | 
adjacent atoms | 
A Wittig reagent is an ylide, a species that contains two oppositely charged atoms bonded to 
each other, and both atoms have octets. In a Wittig reagent, a negatively charged carbon atom 
is bonded to a positively charged phosphorus atom. 


Because phosphorus is a third-row element, it can be surrounded by more than eight electrons. 
As a result, a second resonance structure can be drawn that places a double bond between carbon 
and phosphorus. Regardless of which resonance structure is drawn, a Wittig reagent has no net 
charge. In one resonance structure, though, the carbon atom bears a net negative charge, so it is 


nucleophilic. 
Two resonance structures for the Wittig reagent | 


D 


+f). / 
Ph3P—C~ —_— PhgP=C. 
X \ 


nucleophilic atom 1 e p 


Wittig reagents are synthesized by a two-step procedure. 


Sn2 reaction of triphenylphosphine with an alkyl halide forms a phosphonium salt. 


AE a P 
PhP: + RCHs—X — Phg3P—CH,R + X 
Sn2 
triphenylphosphine di phosphonium salt 
nucleophile 


Triphenylphosphine (Ph3P:), which contains a lone pair of electrons on P, is the nucleophile. 
Because the reaction follows an Sy2 mechanism, it works best with unhindered CH3X and 
1° alkyl halides (RCHX). Secondary alkyl halides (RxCHX) can also be used, although yields 
are often lower. 


Deprotonation of the phosphonium salt with a strong base (:B) forms the ylide. 


H~ Sg | Typical strong base: | 


+ sl = 
PhsP—CHR PhaP—CGHR + H—B*  CHCH;CH;CH;—Li 


x ylide i 
Bu—L 
phosphonium salt | ci 


Because removal of a proton from a carbon bonded to phosphorus generates a resonance- 
stabilized carbanion (the ylide), this proton is somewhat more acidic than other protons on an 


Section 20.9C discussed the 
reaction of organometallic 
reagents as strong bases. 


PhP + 


Problem 21.17 
Problem 21.18 
21.10B 
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alkyl group in the phosphonium salt. Very strong bases are still needed, though, to favor the 
products of this acid-base reaction. Common bases used for this reaction are the organolithium 
reagents such as butyllithium, CH;CH,CH»CH>Li, abbreviated as BuLi. 


To synthesize the Wittig reagent, PhP =CH,, use these two steps: 


H 
O Sp2 - çl Bu—Li + os 
CH;—Br ——*> Ph3P—CH, Ph3P—CH, *—* PhgP=CHz, + Bu—-H 
[1] B [2] 
Br two resonance structures suang 
methyltriphenyl- for the ylide + LiBr 


phosphonium bromide 


e Step [1] Form the phosphonium salt by Sy2 reaction of PhP: and CH3Br. 
e Step [2] Form the ylide by removal of a proton using BuLi as a strong base. 


Draw the products of the following Wittig reactions. 


b. [=o + Ph3P=CHCH,CH,CH,CH, ———> 


Outline a synthesis of each Wittig reagent from PhP and an alkyl halide. 
a. PhP =CHCH3 b. PhP =C(CHs)2 c. PhP =CHC6Hs5 


a. (CHa)C=0 + PhaP=CH; ——> 


Mechanism of the Wittig Reaction 


The currently accepted mechanism of the Wittig reaction involves two steps. Like other nucleo- 
philes, the Wittig reagent attacks an electrophilic carbonyl carbon, but then the initial addition 
adduct undergoes elimination to form an alkene. Mechanism 21.4 is drawn using Ph3P=CH). 


{ò Mechanism 21.4 The Wittig Reaction 


Step [1] Nucleophilic addition forms a four-membered ring. 


R ji 
‘o=6: R'-C—O: 
if [1] i | 
R H,C—PPh, 
CH —PPh, new C—C bond 
= oxaphosphetane 


Step [2] Elimination of PhP =O forms the alkene. 


R R 

as \ o 

R'-C7O: —-+  C=CH, + :0=PPh, 
mar 2I g 

HC- PPh; 


triphenylphosphine oxide 


¢ Step [1] forms two bonds and generates a four-membered 
ring. The negatively charged carbon atom of the ylide attacks 
the carbonyl carbon to form a new carbon-carbon o bond, 
while the carbonyl O atom attacks the positively charged P 
atom. 


e This process generates an oxaphosphetane, a four-membered 
ring containing a strong P- O bond. 


e In Step [2], Ph3P =O (triphenylphosphine oxide) is 
eliminated, forming two new z bonds. The formation of the 
very strong P - O double bond provides the driving force for 
the Wittig reaction. 


One limitation of the Wittig reaction is that a mixture of alkene stereoisomers sometimes forms. 
For example, reaction of propanal (CH;CH,CHO) with a Wittig reagent forms the mixture of E 


and Z isomers shown. 


CH3CH, 


\ o Pha3P=CH(CH2)4CH3 
— 


CH3CHs H CHCH, (CH2)4CH3 
wg + ‘bed 
aN ae 
H (CH2)4CH3 H H 
E isomer Z isomer 


59% 41% 
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Figure 21.8 


A Wittig reaction used to 
synthesize B-carotene 


Problem 21.19 


Probiem 21.20 


21.10C 


an E alkene | 


B-carotene 
orange pigment found in carrots 
(vitamin A precursor) 


e The more stable E alkene is the major product in this Wittig reaction. 


Because the Wittig reaction forms two carbon-carbon bonds in a single reaction, it has been used 
to synthesize many natural products, including B-carotene, shown in Figure 21.8. 


Draw the products (including stereoisomers) formed when benzaldehyde (CgHsCHO) is treated with 
each Wittig reagent: (a) PhP =CHCH2CHs; (b) PhP = CHCsHs; (c) PhP = CHCOOCH3. 


Wittig reaction of aldehyde A with PhP =CHCO;CHCH; forms B, an intermediate in the synthesis 
of amphikuemin, a compound involved in the intricate symbiosis between the sea anemone and 
anemonefish mentioned in the Prologue. Treatment of B with one equivalent of Hs in the presence 
of a Pd catalyst yields C. What is the structure of C? 


e 


CHO 


Retrosynthetic Analysis 


To use the Wittig reaction in synthesis, you must be able to determine what carbonyl compound 
and Wittig reagent are needed to prepare a given compound—that is, you must work backwards, 
in the retrosynthetic direction. There can be two different Wittig routes to a given alkene, but 
one is often preferred on steric grounds. 


How To Determine the Starting Materials for a Wittig Reaction Using Retrosynthetic Anal 


Example What starting materials are needed to synthesize alkene X by a Wittig reaction? 


ri 
CH, 
XxX 


Step [1] Cleave the carbon-carbon double bond into two components. 


Cleave this bond 
| retrosynthetically. | 


a, 
an 


Yo + Ph pac 
/ ails 3 


e Part of the molecule becomes the carbonyl component and the other part becomes the Wittig 
reagent. 
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How To, continued.. 


There are usually two routes to a given alkene using a Wittig reaction: 


Possibility [1] Possibility [2] 
Saal Sa ol 
| Cleave this bond. j | Cleave this bond. | 
| } |} 
+. a 
CH3 CH3 


VA ANE / N 
/ 

C + PhgP=C [rn + O=C 

CH, 


Step [2] Compare the Wittig reagents. The preferred pathway uses a Wittig reagent derived from an unhindered alkyl 
halide—CH 3X or RCHoX. 


Determine what alkyl halide is needed to prepare each Wittig reagent: 


H 
aieas / 
Possibility [1] PhgP=C_ ===> PhP-CH;CH; ===> PhP: + X—CH,CH, 


ons X- 1° halide 
preferred path 


Possibility [2] Orn = CO hn, =$ C + PPh 
ý: 


2° halide 


Because the synthesis of the Wittig reagent begins with an Sy2 reaction, the preferred pathway begins with 

an unhindered methyl halide or 1° alkyl halide. In this example, retrosynthetic analysis of both Wittig reagents 
indicates that only one of them (PhP = CHCHs) can be synthesized from a 1° alkyl halide, making Possibility [1] the 
preferred pathway. 


Problem 21.21 What starting materials are needed to prepare each alkene by a Wittig reaction? When there are 
two possible routes, indicate which route, if any, is preferred: (a) (CH3)2C = CHCH2CHs3; 
(b) CH3CH2CH = CHCH2CHs; (c) CeHsCH = CHCH3. 


21.10D Comparing Methods of Alkene Synthesis 


An advantage in using the Wittig reaction over other elimination methods to synthesize alkenes 
is that you always know the location of the double bond. Whereas other methods of alkene 
synthesis often give a mixture of constitutional isomers, the Wittig reaction always gives a single 
constitutional isomer. 


For example, two methods can be used to convert cyclohexanone into alkene B (methylenecy- 
clohexane): a two-step method consisting of Grignard addition followed by dehydration, or a 


one-step Wittig reaction. 
O= — Ono 


cyclohexanone B 
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Recall from Section 9.8 that 
the major product formed in 
acid-catalyzed dehydration 
of an alcohol is the more 
substituted alkene. 


Problem 21,22 


21.11 


21.11A 


In a two-step method, treatment of cyclohexanone with CH;MgBr forms a 3° alcohol after pro- 
tonation. Dehydration of the alcohol with H,SO, forms a mixture of alkenes, in which the desired 
disubstituted alkene is the minor product. 


o (fi cHsMaBr CH, H,SO, nn a - 
[2] HO OH i . 


B 
cyclohexanone 3° alcohol trisubstituted C=C disubstituted C=C 
major product minor product 


By contrast, reaction of cyclohexanone with Ph,P=CH), affords the desired alkene as the only 
product. The newly formed double bond always joins the carbonyl carbon with the negatively 
charged carbon of the Wittig reagent. In other words, the position of the double bond is always 
unambiguous in the Wittig reaction. This makes the Wittig reaction an especially attractive 
method for preparing many alkenes. 


Ph,P=CH 
Ope BE Open (a 


cyclohexanone 


Show two methods to synthesize each alkene: a one-step method using a Wittig reagent, and a 
two-step method that forms a carbon-carbon bond with an organometallic reagent in one of the 
steps. 


(0) 


a. AY = b. [=o EP [Ocros 


Addition of 1° Amines 


We now move on to the reaction of aldehydes and ketones with nitrogen and oxygen hetero- 
atoms. Amines, for example, are organic nitrogen compounds that contain a nonbonded 
electron pair on the N atom. Amines are classified as 1°, 2°, or 3° by the number of alkyl 
groups bonded to the nitrogen atom. 


R-N-H R-N-H R-N-R 
H R R 
1° amine 2° amine 3° amine 
(1 R group on N) (2 R groups on N) (3 R groups on N) 


Both 1° and 2° amines react with aldehydes and ketones. We begin by examining the reaction of 
aldehydes and ketones with 1° amines. 


Formation of Imines 


Treatment of an aldehyde or ketone with a 1° amine affords an imine (also called a Schiff base). 
Nucleophilic attack of the 1° amine on the carbonyl group forms an unstable carbinolamine, which 
loses water to form an imine. The overall reaction results in replacement of C=O by C=NR. 


7 a R'NH an Ho R 
Imine formation =8 NN. neun) 2°. ‘ben 
= R mild acid | / ta 
R' R R 
R' = H or alkyl carbinolamine imine 


Because the N atom of an imine is surrounded by three groups (two atoms and a lone pair), it is 
sp? hybridized, making the C-N-R" bond angle ~120° (not 180°). Imine formation is fastest 
when the reaction medium is weakly acidic. 
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| Examples | CHaÑHg Fe 
Examples | (0 mild acid me H0 
CH; 
CH, (tit CH, 


c=O0 = C=N + HO 
/ i i / 
CH, mild acid CH, 


The mechanism of imine formation (Mechanism 21.5) can be divided into two distinct parts: 
nucleophilic addition of the 1° amine, followed by elimination of HO. Each step involves a 
reversible equilibrium, so that the reaction is driven to completion by removing H,O. 


15 Mechanism 21.5 Imine Formation from an Aldehyde or Ketone ~ 


Part [1] Nucleophilic addition forms a carbinolamine. 


R A [1] [2] DHL e Nucleophilic attack of the amine followed 
a = R- ie > ie iil by proton transfer forms the unstable 
R' ) R' proton R' carbinolamine (Steps [1]-[2]). These steps 
R'NH, | nucleophilic TT ota oleaine result in the addition of H and NHR" to the 
attack carbonyl group. 


Part [2] Elimination of H2O forms an imine. 


+ 
én “HESH, ÖH j i e Elimination of H20 forms the imine in three 
eee act a [4] bae i YÄ steps. Protonation of the OH group in Step [3] 
D — eh = TA E forms a good leaving group, leading to loss of 
i RHO: | E He R R" water in Step [4], giving a resonance-stabilized 
E — | H20: imine iminium ion. Loss of a proton forms the imine 
Es R + Haö* in Step [5]. 
OTRO AA Sip" e Except for Steps [1] (nucleophilic addition) 
K i and [4] (H20 elimination), all other steps in the 
mechanism are acid-base reactions —that is, 
resonance-stabilized moving a proton from one atom to another. 
iminium ion 


Imine formation is most rapid at pH 4-5. Mild acid is needed for protonation of the hydroxy 
group in Step [3] to form a good leaving group. Under strongly acidic conditions, the reaction 
rate decreases because the amine nucleophile is protonated. With no free electron pair, it is no 
longer a nucleophile, and so nucleophilic addition cannot occur, 


| Protonation makes a good leaving group...but at low pH, the basic amine is protonated. 


At 
AT ei 
GH ~H-QH, :OH> 
es js" 0. + nC 
R-C-NHRY =— R-Ọ-ÑHR' R'NH, + H-ỌH, =—> R'"ŇH, + HÖ: 
R' R' (low pH) 


no longer a nucleophile 


Problem 21.23 Draw the product formed when CH3CH2,CH,CH,NHp reacts with each carbonyl compound in the 
presence of mild acid.- 


Fe oh fe 
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Problem 21.24 What 1° amine and carbonyl compound are needed to prepare each imine? 
CH3 


\ 
a. C=NCH,CH,CH, b. w e) 
H 


21.11B Application: Retinal, Rhodopsin, and the Chemistry of Vision 


Many imines play vital roles in biological systems. A key molecule in the chemistry of vision 
is the highly conjugated imine rhodopsin, which is synthesized in the rod cells of the eye from 
11-cis-retinal and a 1° amine in the protein opsin. 


11-cis double bond 


NH»~opsin | 


H imine 
| crowding | 
Maari S H N 
rhodopsin can | 


The complex process of vision centers around this imine derived from retinal (Figure 21.9). The 
11-cis double bond in rhodopsin creates crowding in the rather rigid side chain. When light strikes 
y the rod cells of the retina, it is absorbed by the conjugated double bonds of rhodopsin, and the 11-cis 
delineated by Nobel Laureate bl A š nt 2a ied 
George Wald of Harvard dou le bond is isomerized to the 11-trans arrangement. This omenana is accompanie by a 
University. drastic change in shape in the protein, altering the concentration of Ca“* ions moving across the cell 
— membrane, and sending a nerve impulse to the brain, which is then processed into a visual image. 


The central role of rhodopsin 
in the visual process was 


Figure 21.9 p - —= a 
The key reaction in the 11-trans 


chemistry of vision wA 4 Sy 


ig pE 


+ nerve impulse 


crowding > 


rhodopsin 


The nerve impulse travels along 
the optic nerve to the brain. 


pN \ 4 


E] 


— * optic nerve 


plasma 
membrane 


11-cis-retinal 
bound to opsin 


membrane 


rod cell in 
rhodopsin in a rod cell the retina cross-section of the eye 


e Rhodopsin is a light-sensitive compound located in the membrane of the rod cells in the retina of 
the eye. Rhodopsin contains the protein opsin bonded to 11-cis-retinal via an imine linkage. When 
light strikes this molecule, the crowded 11-cis double bond isomerizes to the 11-trans isomer, and 
a nerve impulse is transmitted to the brain by the optic nerve. 
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21.12 Addition of 2° Amines 


21.12A Formation of Enamines 


A 2° amine reacts with an aldehyde or ketone to give an enamine. Enamines have a nitrogen 
atom bonded to a double bond (alkene + amine = enamine). 


10: HO: ÄP, NR, 


RoNH E 
Enamine formation ad — aN H20 " Ay 


R' =H or alkyl carbinolamine enamine 


Like imines, enamines are also formed by the addition of a nitrogen nucleophile to a carbonyl 
group followed by elimination of water. In this case, however, elimination occurs across two 
adjacent carbon atoms to form a new carbon-carbon 7 bond. 


N(CHg)2 


Examples | 
(CHo)2NH 
“mild acid + H0O 


Q C L 


oN decid” aasa T H20 
CH3 CH} mildacid CH} “CH, 


The mechanism for enamine formation (Mechanism 21.6) is identical to the mechanism for imine 
formation except for the last step, involving formation of the m bond. The mechanism can be 
divided into two distinct parts: nucleophilic addition of the 2° amine, followed by elimination 
of H,O. Each step involves a reversible equilibrium once again, so that the reaction is driven to 
completion by removing H,O. 


ES Mechanism 21.6 Enamine Formation from an Aldehyde or Ketone 
Part [1] Nucleophilic addition forms a carbinolamine. 
6 HÄR, S: N 
Z H [1] NHR, _ i i H e Nucleophilic attack of the amine 
R' <a oe R' followed by proton transfer forms 
pm the unstable carbinolamine 


ae | transfer carbinolamine (Steps [1]-[2)). 
attack 


0 HS N 


PAT H etl es NR NR 
HO: ÑR, sali HO" (NR, [4] ci [5] l 
qq =—— y H = p wy ae —— prs * Protonation of the OH group in 
R' [3] R' a Step [3] forms a good leaving group, 


. elimination leading to loss of water in Step [4], 
+ HÖ: | of HO | enamine giving a resonance-stabilized 
j = + H30* iminium ion. 
e Removal of a proton from the adjacent 
R' C-H bond forms the enamine in 
Step [5]. 
resonance-stabilized 
iminium ion 
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Figure 21.10 


The formation of imines and 
enamines compared 


21.12B 


Problem 21.25 


Problem 21.26 


The N-H proton is removed. 


aie) | 
(ae — One 
(7 


p + —- NR, 
2° amine | $. f } 
— E, enamine 
H20: 


The C-H proton is removed. 


e With a 1° amine, the intermediate iminium ion still has a proton on the N atom that may be 
removed to form a C=N. 

e With a 2° amine, the intermediate iminium ion has no proton on the N atom, A proton must be 
removed from an adjacent C-H bond, and this forms a C=C. 


The mechanisms illustrate why the reaction of 1° amines with carbonyl compounds forms 
imines, but the reaction with 2° amines forms enamines. In Figure 21.10, the last step of both 
mechanisms is compared using cyclohexanone as starting material. The position of the double 
bond depends on which proton is removed in the last step. Removal of an N—H proton forms a 
C=N, whereas removal of a C—H proton forms a C=C. 


Imine and Enamine Hydrolysis 


Because imines and enamines are formed by a set of reversible reactions, both can be converted 
back to carbonyl compounds by hydrolysis with mild acid. The mechanism of these reactions is 
exactly the reverse of the mechanism written for the formation of imines and enamines. In the 
hydrolysis of enamines, the carbonyl carbon in the product comes from the sp” hybridized carbon 
bonded to the N atom in the starting material. 


e Hydrolysis of imines and enamines forms aldehydes and ketones. 


CH3 + CH3 

Imine \ H30 \ 

_ hydrolysis [P= NCH2CH2CH2CH3 E =o +  H2NCH2CH2CH2CH, 
CH3 CH3 


ae CH CH, 
Enamine ae H30* r Prego, 
hydrolysis — a AN 
CH, 


What two enamines are formed when 2-methylcyclohexanone is treated with (CH3)2NH? 


What carbonyl compound and amine are formed by the hydrolysis of each compound? 


a. € Yorn b. One c. (CH3)NCH=C(CHa)2 
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21.13 Addition of HJO—Hydration 


Treatment of a carbonyl compound with H,O in the presence of an acid or base catalyst adds 
the elements of H and OH across the carbon-oxygen 7 bond, forming a gem-diol or hydrate. 


N s addi lon of HO- ji H9 i [raaton anO 
ucleophilic addition of H20 k = —C—R' 
| P 2 RR Ht or-OH R Ç R' addition of H,0 | 


ae OH 
=H or alkyl gem-diol 


(hydrate) 


Hydration of a carbonyl group gives a good yield of gem-diol only with an unhindered aldehyde 
like formaldehyde, and with aldehydes containing nearby electron-withdrawing groups. 


r 


| Examples fo) OH (0) OH 
G oO h-é- Ë HO cc-d-H 
Se — —C— — > —C— 
H/H ëe Sy i 
OH OH 
formaldehyde formaldehyde chloral chloral hydrate 
hydrate 


21.13A The Thermodynamics of Hydrate Formation 


Whether addition of H,O to a carbonyl group affords a good yield of the gem-diol depends on 
the relative energies of the starting material and the product. With less stable carbonyl starting 
materials, equilibrium favors the hydrate product, whereas with more stable carbony] starting 
materials, equilibrium favors the carbonyl starting material. Because alkyl groups stabilize a 
carbonyl group (Section 20.2B): 


e Increasing the number of alkyl groups on the carbonyl carbon decreases the amount of 
hydrate at equilibrium. 


This can be illustrated by comparing the amount of hydrate formed from formaldehyde, acetal- 
dehyde, and acetone. 


ity of the carbony 


ie) 9 
é : 
H/H CH; `H CH; `CH3 
formaldehyde acetaldehyde acetone 
f H2O H20 la 
qH QH mn 
H-G-H CHs-G-H CHs-G-CH, 
OH OH OH 
99.9% product 58% product 0.2% product 
equilibrium 


Formaldehyde, the least stable carbonyl compound, forms the largest percentage of hydrate. On 
the other hand, acetone and other ketones, which have two electron-donor R groups, form < 1% 
of the hydrate at equilibrium. Other electronic factors come into play as well. 


e Electron-donating groups near the carbonyl carbon stabilize the carbonyl group, 
decreasing the amount of the hydrate at equilibrium. 

° Electron-withdrawing groups near the carbonyl carbon destabilize the carbonyl group, 
increasing the amount of hydrate at equilibrium. 
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Chloral hydrate, a sedative 
sometimes administered 

to calm a patient prior to a 
surgical procedure, has also 
been used for less reputable 
purposes. Adding it to an 
alcoholic beverage makes a 
so-called knock-out drink, 
causing an individual who 
drinks it to pass out. Because 
it is addictive and care must 
be taken in its administration, 
it is a controlled substance. 


Problem 21.27 


21.13B 
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This explains why chloral (trichloroacetaldehyde) forms a large amount of hydrate at equilib- 
rium. Three electron-withdrawing Cl atoms place a partial positive charge on the œ carbon to 
the carbonyl, destabilizing the carbonyl group, and therefore increasing the amount of hydrate at 
equilibrium. 


Having two similar charges (5*) on adjacent 
atoms destabilizes the carbonyl! group. 
| 


IA i 


cI CI A less stable carbonyl compound 
chloral means more hydrate at equilibrium. 


Which compound in each pair forms the higher percentage of gem-diol at equilibrium: 
(a) CHsCHsCH2CHO or CHgCH2COCH;; (b) CH3CF2CHO or CH3CH2CHO? 


The Kinetics of Hydrate Formation 


Although H,O itself adds slowly to a carbonyl group, both acid and base catalyze the addition. 
In base, the nucleophile is “OH, and the mechanism follows the usual two steps for nucleophilic 
addition: nucleophilic attack followed by protonation, as shown in Mechanism 21.7. 


{> Mechanism 21.7 Base-Catalyzed Addition of H2O to a Carbonyl Group 


o pao LO a e In Step [1], the nucleophile (OH) attacks the 
Z| [1] O7 H~QH [2] ae os carbonyl group, cleaving the x bond, and 
RR —= ee —— ROA ae QH moving an electron pair onto oxygen. 
bes | a :OH t —  ?QH e In Step [2], protonation of the negatively 
HQ: | nucleophilic attack | | protonation —gem-diol charged O atom by H20 forms the gem-diol. 


The acid-catalyzed addition follows the general mechanism presented in Section 21.7A. For a 
poorer nucleophile like H2O to attack a carbonyl group, the carbonyl must be protonated by 
acid first; thus, protonation precedes nucleophilic attack. The overall mechanism has three 
steps, as shown in Mechanism 21.8. 


ts Mechanism 21.8 Acid-Catalyzed Addition of H20 to a Carbonyl Group 


Step [1] Protonation of the carbonyl group 


+ + RA 
Irar; ; t A 
0 QHe [1] i gm R3 e Protonation of the carbonyl oxygen forms a 
RR! — ms a Ssg + H,0: resonance-stabilized cation that bears a full 
— — positive charge. 
| protonation | two resonance structures 
Steps [2]-[3] Nucleophilic attack and deprotonation 
‘OH [2] :ÖH l OH ° A Step [2], the i hati il ac ae and 
then deprotonation forms the neutral addition 
i. = AKO ——— AoA : | 
ia R' a D e ği ¢ BS E ees product in Step [3]. 
Hat: i HÖ: gh e The overall result is the addition of H and OH to 
20: 


= — ? 


| nucleophilic attack 


gem-diol the carbonyl group and regeneration of the acid 


catalyst. 


deprotonation 


Problem 21.28 


21.14 


The term acetal refers to any 
compound derived from an 
aldehyde or ketone, having 
two OR groups bonded to a 
single carbon. The term ketal 
is sometimes used when the 
starting carbonyl compound 
is a ketone; that is, the carbon 
bonded to the alkoxy groups 
is not bonded to a H atom 
and the general structure is 
ReC(OR')s. Since ketals are 
considered a subclass of 
acetals in the IUPAC system, 
we will use the single general 
term acetal for any compound 
having two OR groups on a 
carbon atom. 


Acetals are not ethers, even 
though both functional groups 
contain a C-O o bond. Having 
two C-O o bonds on the same 
carbon atom makes an acetal 
very different from an ether. 


OF 
R=Ç-R + R—O-R 
OR ether 
acetal 


Problem 21.29 
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Acid and base increase the rate of reaction for different reasons. 


¢ Base converts H,O into OH, a stronger nucleophile. 
¢ Acid protonates the carbonyl group, making it more electrophilic towards nucleophilic 
attack, 


These catalysts increase the rate of the reaction, but they do not affect the equilibrium constant. 
Starting materials that give a low yield of gem-diol do so whether or not a catalyst is present. 
Because these reactions are reversible, the conversion of gem-diols to aldehydes and ketones is 
also catalyzed by acid and base, and the steps of the mechanism are reversed. 


Draw a stepwise mechanism for the following reaction. 
H H,0* 
OW or (=o + HO 
OH 


Addition of Alcohols—Acetal Formation 


Aldehydes and ketones react with fwo equivalents of alcohol to form acetals. In an acetal, the 
carbonyl carbon from the aldehyde or ketone is now singly bonded to two OR" (alkoxy) groups. 


Oo OR" 
iI i | 
Acetal formation j as _ + ROH == Ro oh + H0 
a 2 equiv " 
R' = H or alkyl Eeun oh 
acetal 


This reaction differs from other additions we have seen thus far, because two equivalents of 
alcohol are added to the carbonyl group, and two new C—O o bonds are formed. Acetal for- 
mation is catalyzed by acids, commonly p-toluenesulfonic acid (TsOH). 


Example | 


(0) OCH; 
| TsOH |<—_—. 
Dex + CHOH => CHICH ila A two new o bonds + HO 
CHCH; `H (2 equiv) SCH, 
acetal 


When a diol such as ethylene glycol is used in place of two equivalents of ROH, a cyclic acetal 
is formed. Both oxygen atoms in the cyclic acetal come from the diol. 


+ H,O 


ethylene glycol 
a cyclic acetal 


Like gem-diol formation, the synthesis of acetals is reversible, and often the equilibrium favors 
reactants, not products. In acetal synthesis, however, water is formed as a by-product, so the 
equilibrium can be driven to the right by removing the water as it is formed. This can be done 
in a variety of ways in the laboratory. A drying agent can be added that reacts with the water, or 
more commonly, the water can be distilled from the reaction mixture as it is formed by using a 
Dean-Stark trap, as pictured in Figure 21.11. Driving an equilibrium to the right by removing 
one of the products is an application of Le Chatelier’s principle (see Section 9.8). 


Draw the products of each reaction. 


ọ 
2 CHOH e OH  TsOH 
a. [=o TsOH b. + HO~ ~~ — 
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Figure 21.11 


A Dean-Stark trap for 
removing water 


21.14A 


Q | water-cooled condenser 
IL $ 


I TSOR j. e condensing vapor 
R'O OR' 
C T EHO 
RR 2 J= «— cold H,O in 
acetal pa | 


The vapor contains 
benzene and H20. 


ae Dean-Stark trap 


= The upper layer 
contains benzene. 


The lower layer 
contains H20. 


reaction flask 


stopcock to withdraw 
lower layer 


heat source 


e A Dean-Stark trap is an apparatus used for removing water from a reaction mixture. To use a 
Dean-Stark trap to convert a carbonyl compound to an acetal: 


The carbonyl compound, an alcohol, and an acid are dissolved in benzene. As the mixture is 
heated, the carbonyl compound is converted to the acetal with water as a by-product. Benzene 
and water co-distill from the reaction mixture. When the hot vapors reach the cold condenser, they 
condense, forming a liquid that then collects in the glass tube below. Water, the more dense liquid, 
forms the lower layer, so that as it collects, it can be drained through the stopcock into a flask. In 
this way, water can be removed from a reaction mixture, driving the equilibrium. 


The Mechanism 


The mechanism for acetal formation can be divided into two parts: the addition of one equiva- 
lent of alcohol to form a hemiacetal, followed by the conversion of the hemiacetal to the 
acetal. A hemiacetal has a carbon atom bonded to one OH group and one OR group. 


Part [1] Part [2] 
18t equivalent 24 equivalent 
9 , OH . OR O 
C uM oo a aa —ġ— + HO Removing H20 drives 
a~ du dis the equilibrium. 


hemiacetal acetal 


Like gem-diols, hemiacetals are often higher in energy than their carbonyl starting materials, 
making the direction of equilibrium unfavorable for hemiacetal formation. The elimination of 
H,O, which can be removed from the reaction mixture to drive the equilibrium to favor product, 
occurs during the conversion of the hemiacetal to the acetal. This explains why two equivalents 
of ROH react with a carbonyl compound, forming the acetal as product. 


The mechanism is written in two parts (Mechanisms 21.9 and 21.10) with a general acid HA. 
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{> Mechanism 21.9 Acetal Formation—Part [1] Formation of a Hemiacetal 


Step [1] Protonation of the carbonyl group 


N s 
le (1) JOH ‘OH 
ole. =—— wy T ra + AD e Protonation of the carbonyl oxygen forms a 
t E resonance-stabilized cation that bears a full 


EFC resonance-stabilized cation ee 
| protonation | positive charge. 


Steps [2]-[3] Nucleophilic attack and deprotonation 


Do y m, 9P 
AS == —C— ==> —C— + H-A ° InStep [2], the nucleophile (ROH) attacks, and then 
ce 


9 ROH RO: deprotonation forms the neutral addition product in 
R-Q-H + hemiacetal Step [3]. 


PEET | EE | e The overall result is the addition of H and OR to the 
| : Le carbonyl group. 


Formation of the acetal requires a second nucleophilic attack of ROH. For this to occur, however, 
H,O must first come off as a leaving group, as shown in Mechanism 21.10. 


e Mechanism 21.10 Acetal Formation—Part [2] Formation of the Acetal 


Steps [4]-[5] Elimination of H2O 


‘OH “HA :ÖH, 
| r aE oo SEA S 
¢ [4] ji [5] a f, e Protonation of the OH group in the hemiacetal in Step 
RQ: RQ: RQ: RQ [4] forms a good leaving group (H20). Loss of H20 in 
hemiacetal + A l resonance-stabilized cation Step [5] forms a resonance-stabilized cation. 
| loss of HO | + HÖ: 


Steps [6]-[7] Nucleophilic attack and deprotonation 


3 
=e a a a ais 
B EA =: RO nie WA RỌ: e Nucleophilic attack on the cation in Step [6] followed 
Ç “a B Ta -0m + HA by loss of a proton forms the acetal. 
RQ: RQ: RQ: e The overall result of Steps [4]-[7] is the addition of a 
| | acetal second OR group to the carbonyl group. 


f SETTEN 
nucleophilic attack | deprotonation | 


Although this mechanism is lengthy—there are seven steps altogether—there are only three dif- 
ferent kinds of reactions: addition of a nucleophile, elimination of a leaving group, and proton 
transfer. Steps [2] and [6] involve nucleophilic attack and Step [5] eliminates HO. The other 
four steps in the mechanism shuffle protons from one oxygen atom to another, to make a better 
leaving group or a more electrophilic carbonyl group. 


Problem 27.30 Label each compound as an acetal, a hemiacetal, or an ether. 
OCH; OCH, 


E b [jm ş Be d di tails 
OCH, go Gh OH 
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Problem 21.31 Draw a stepwise mechanism for the following reaction. 


O 
oO. 0 
TsOH 
+ HOCH,CH,OH ==> O + HO 


21.14B Hydrolysis of Acetals 


Conversion of an aldehyde or ketone to an acetal is a reversible reaction, so an acetal can be 
hydrolyzed to an aldehyde or ketone by treatment with aqueous acid. Because this reaction is 
also an equilibrium process, it is driven to the right by using a large excess of water for hydrolysis. 


QR" H+ Q 
Acetal hydrolysis | R-C-R' + H20 T Eos + R"OH 
— n R R' (2 equiv) 
OR large 
acetal excess 
R' = H or alkyl 


Oo. (0 
Example H+ 
+ H20 —— + HOCH,CH,0H 


ethylene glycol 


The mechanism for this reaction is the reverse of acetal synthesis, as illustrated in Sample Prob- 
lem 21.4. 


Sample Problem 21.4 Draw a stepwise mechanism for the following reaction. 


CH,0 OCH; 


H2504 
+ HO ===> + 2CH,OH 


Solution 
The mechanism is the reverse of acetal formation and involves two parts—conversion of the acetal 
to a hemiacetal, followed by conversion of the hemiacetal to the carbonyl compound. 


Part[1] Conversion of the acetal to a hemiacetal 


To convert this acetal to a hemiacetal, one molecule of CHOH must be eliminated and one 
molecule of H2O must be added. 


X Hos. x H XL a ha a a 
CH,0: :OCH, CHO; JOCH, CH0: hð:  CHaÖ: E CH0: :OH 
Vv + ry 
—— a —— —— = + H80, 
[1] [2] [3] [4] 
acetal + hi hemiacetal 
HSO; CH,OH 


loss of CHOH nucleophilic attack 
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Part [2] Conversion of the hemiacetal to the carbonyl compound 


To convert the hemiacetal to a carbonyl compound, one molecule of CHOH must be eliminated 
and the C-O x bond must be formed. 


a 6) I+ oe ae AA 
CHO: ;ÖH H~OSO3H CH,O: :ÖH ÖH :O 
t N HSO 
————— —— —— + HS0, 
[5] [6] [7] 
hemiacetal vi gom carbonyl 
HSO, CH3OH compound 
loss of CH3OH | 


Steps [2] and [6] involve loss of the leaving group (CHOH), and Step [3] involves nucleophilic attack 
of H20. The other four steps in the mechanism shuffle protons from one oxygen atom to another. 
Steps [2] and [6] form resonance-stabilized carbocations, but only one resonance structure is drawn. 


Acetal hydrolysis requires a strong acid to make a good leaving group (ROH). In Sample Prob- 
lem 21.4, HSO; converts CH;07 into CH3OH, a weak base and neutral leaving group. Acetal 
hydrolysis does not occur in base. 


Problem 21,32 Draw the products of each reaction. 


CH3;Q OCH, H.SO O, HSO 
a <M + HO = b. x + mo = 
fe) 


Problem 21.33 — Safrole is a naturally occurring acetal isolated from sassafras plants. Once used as a common 
food additive in root beer and other beverages, it is now banned because it is carcinogenic. What 
compounds are formed when safrole is hydrolyzed with aqueous acid? 


co 


safrole 


Sassafras, source of safrole 


21.15 Acetals as Protecting Groups 


Just as the tert-butyldimethylsilyl ethers are used as protecting groups for alcohols (Section 
20.12), acetals are valuable protecting groups for aldehydes and ketones. 


Suppose a starting material A contains both a ketone and an ester, and it is necessary to selec- 
tively reduce the ester to an alcohol (6-hydroxy-2-hexanone), leaving the ketone untouched. 
Such a selective reduction is not possible in one step. Because ketones are more readily reduced, 
methyl 5-hydroxyhexanoate is formed instead. 


Two reducible functional groups 


F i oO —EESS 
desired reaction 3 F 
| | e selective reduction 
oO re) OH of the ester 
E owe 4 6-hydroxy-2-hexanone = 
OCH; OH 0) i 


M o 
This C=0 is more reactive p eo 8 | selective reduction 
en observed reaction OCH; of the ketone 


methyl 5-hydroxy- 
hexanoate 
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To solve this problem we can use a protecting group to block the more reactive ketone carbonyl 
group. The overall process requires three steps. 


[1] Protect the interfering functional group—the ketone carbonyl. 
[2] Carry out the desired reaction—reduction. 
[3] Remove the protecting group. 


The following three-step sequence using a cyclic acetal leads to the desired product. 


O O d h ọ 
OCH; ~ TsOH ` OCH, 
Step [1] [1] LiAIH, | Step [2] | 
Protection [2] H2O Reduction | 
fe) {\ 


OH = OH 


Step[3] | 
desired product Deprotection | 
+ HOCH;CH,OH ' 


¢ Step [1] The ketone carbonyl is protected as a cyclic acetal by reaction of the starting mate- 
rial with HOCH,CH,OH and TsOH. 

e Step [2] Reduction of the ester is then carried out with LiAlHy, followed by treatment with H,O. 

e Step [3] The acetal is then converted back to a ketone carbonyl group with aqueous acid. 


Acetals are widely used protecting groups for aldehydes and ketones because they are easy to 
add and easy to remove, and they are stable to a wide variety of reaction conditions. Acetals do 
not react with base, oxidizing agents, reducing agents, or nucleophiles. Good protecting groups 
must survive a variety of reaction conditions that take place at other sites in a molecule, but they 
must also be selectively removed under mild conditions when needed. 


Problem 21.34 How would you use a protecting group to carry out the following transformation? 


COOCH,CH, 


21.16 Cyclic Hemiacetals 
Cyclic hemiacetals are also 
called lactols. 


Although acyclic hemiacetals are generally unstable and therefore not present in appreciable 
amounts at equilibrium, cyclic hemiacetals containing five- and six-membered rings are sta- 
ble compounds that are readily isolated. 


A hemiacetal— | ] 
Genesalatinhive Cyclic hemiacetals | Cyclic hemiacetals 
H 
me S ds 


One C is bonded to: Each indicated C is bonded to: 
e an OH group e an OH group 
e an OR group e an OR group that is part of a ring 
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21.16A Forming Cyclic Hemiacetals 


All hemiacetals are formed by nucleophilic addition of a hydroxy group to a carbonyl group. 
In the same way, cyclic hemiacetals are formed by intramolecular cyclization of hydroxy 


aldehydes. 
(0) Q 
wT = K i—i ° 
HO H ~ OH *—_ 
5-hydroxypentanal 
6% 94% Er cyclic 
hemiacetals 
OH 
N S ae H = [@) 
OH 
4-hydroxybutanal 
11% 89% 


[Equilibrium proportions of each compound are given.] 


Such intramolecular reactions to form five- and six-membered rings are faster than the correspond- 
ing intermolecular reactions. The two reacting functional groups, in this case OH and C=O, are 
held in close proximity, increasing the probability of reaction. 


Problem 21.35 What lactol (cyclic hemiacetal) is formed from intramolecular cyclization of each hydroxy aldehyde? 


(8) (e) 


m aaa b. AoA 
OH 


Hemiacetal formation is catalyzed by both acid and base. The acid-catalyzed mechanism is 
identical to Mechanism 21.9, except that the reaction occurs in an intramolecular fashion, as 
shown for the acid-catalyzed cyclization of 5-hydroxypentanal to form a six-membered cyclic 
hemiacetal in Mechanism 21.11. 


ES Mechanism 21.11 Acid-Catalyzed Cyclic Hemiacetal Formation 


Bf HO *OH H :OH ‘OH e Protonation of the carbonyl! oxygen in Step 
€ +H [1] followed by intramolecular nucleophilic 
pa H OT A Ö: attack in Step [2] forms the six-membered 
D ES (OH “a A As- “a ring. 
ri ¢ Deprotonation in Step [3] forms the neutral 


H-A cyclic hemiacetal. 


+A 
protonation | | nucleophilic attack j | deprotonation | 


| 


Intramolecular cyclization of a hydroxy aldehyde forms a hemiacetal with a new stereogenic 
center, so that an equal amount of two enantiomers results. 


new stereogenic center 


OH HO H 


Two enantiomers are formed. 
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Re-drawing the starting material and products in a three-dimensional representation results in 


the following: 
Intramolecular cyclization 
= — = H 
ÖH | es : 
T ee [o 
A B 


H H [* denotes a stereogenic center.] 


21.16B The Conversion of Hemiacetals to Acetals 


Cyclic hemiacetals can be converted to acetals by treatment with an alcohol and acid. This reac- 
tion converts the OH group that is part of the hemiacetal to an OR group. 


OH OCH, 
+ 
Converting a hemiacetal O CHOH, H (0) eae 
to an acetal ——— 2 
hemiacetal acetal 


Mechanism 21.12, which is similar to Mechanism 21.10, illustrates the conversion of an acyclic 
hemiacetal to an acetal. 


{ò Mechanism 21.12 A Cyclic Acetal from a Cyclic Hemiacetal 


Steps [1]-[2] Protonation and loss of the leaving group 


I 
:OH HA 
z AN, + 
O: O: “So: e Protonation of the OH group followed by loss of 
i [1] : [2] H20 forms a resonance-stabilized cation (Steps [1] 
resonance-stabilized cation ana [2]. 
loss of HO + HÖ: 
Steps [3]-[4] Nucleophilic attack and deprotonation 
This O atom comes 
from CH30H. 
} oN a 
z e as ucleophilic attack of CH30H followed by 
CHsQH `% CHAI N- OOH deprotonation forms the acetal (Steps [3) and [4}). 
NG: 3: 3: The mechanism illustrates that the O atom in the 
© “a a + H-A OCH; group comes from CHOH. 
t 


nucleophilic attack 


The overall result of this reaction is the replacement of the hemiacetal OH group by an OCH; 
group. This substitution reaction readily occurs because the carbocation formed in Step [2] is 
stabilized by resonance. This fact makes the OH group of a hemiacetal different from the hydroxy 
group in other alcohols. 


The conversion of cyclic 
hemiacetals to acetals is 
an important reaction in 
carbohydrate chemistry, as 
discussed in Chapter 28. 


Problem 21.36 


Problem 21.37 


21.17 


Glucose is the carbohydrate 
that is transported in the blood 
to individual cells. The hormone 
insulin regulates the level of 
glucose in the blood, Diabetes is 
a common disease that results 
from a deficiency of insulin, 
resulting in increased glucose 
levels in the blood and other 
metabolic abnormalities. Insulin 
injections control glucose levels. 
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Thus, when a compound that contains both an alcohol OH group and a hemiacetal OH group 
is treated with an alcohol and acid, only the hemiacetal OH group reacts to form an acetal. The 
alcohol OH group does not react. 


This OH group reacts. —> OH OCH; 
© CHgOH, H* 
ao = 9 + H,O 
This OH group ———> OH OH 


does not react. 


Two naturally occurring compounds that contain stable cyclic hemiacetals and acetals are 
monensin and digoxin, the chapter-opening molecule. Monensin, a polyether antibiotic produced 
by Streptomyces cinamonensis, is used as an additive in cattle feed. Digoxin is a widely prescribed 
cardiac drug used to increase the force of heart contractions. Label each acetal, hemiacetal, and 


ether in both compounds. 
HO., (©) O., 
oe oO HO” O 


: H 
OH 

monensin digoxin 

Draw the products of each reaction. 

OH OH 
HO. 
ie) Ht Ht 

a. + CHCH OH ——> b. + CHCHOH ——> 

HO 


An Introduction to Carbohydrates 


Carbohydrates, commonly referred to as sugars and starches, are polyhydroxy aldehydes 
and ketones, or compounds that can be hydrolyzed to them. Along with proteins, fatty acids, 
and nucleotides, they form one of the four main groups of biomolecules responsible for the struc- 
ture and function of all living cells. 


Many carbohydrates contain cyclic acetals or hemiacetals. Examples include glucose, the most 
common simple sugar, and lactose, the principal carbohydrate in milk. 


J 
3-D structure 
OH 
3-D structure 
HO Q 
HO OH 5 
HO N se lactose meee] 
_ hemiacetal | HO Sal hemiacetal | 


B-b-glucose L ——— 
(one form of glucose) 
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Problem 21.38 


KEY CONCEPTS 


Hemiacetals in sugars are formed in the same way that other hemiacetals are formed—that is, 
by cyclization of hydroxy aldehydes. Thus, the hemiacetal of glucose is formed by cyclization 
of an acyclic polyhydroxy aldehyde A, as shown in the accompanying equation. This process 
illustrates two important features. 


This OH group is used 
to form the hemiacetal. 


OH equatorial OH 


OH 
HO Q | HO Q 
HO za HO ý 

HO 


HO OH «axial OH 


A | intramolecular cyclization | p-D-glucosë G-peplueges 
63% 37% 


[* denotes a new stereogenic center.] 


e When the OH group on C5 is the nucleophile, cyclization yields a six-membered ring, and 
this ring size is preferred. 

e Cyclization forms a new stereogenic center, exactly analogous to the cyclization of the 
simpler hydroxy aldehyde (5-hydroxypentanal) in Section 21.16A. The new OH group of 
the hemiacetal can occupy either the equatorial or axial position. 


For glucose, this results in two cyclic forms, called B-p-glucose (having an equatorial OH group) 
and &-D-glucose (having an axial OH group). Because f-p-glucose has the new OH group in the 
more roomy equatorial position, this cyclic form of glucose is the major product. At equilibrium, 
only a trace of the acyclic hydroxy aldehyde A is present. 


Many more details on this process and other aspects of carbohydrate chemistry are presented in 


Chapter 28. 
OH a. How many stereogenic centers are present in a-D-galactose? 
HO z ; 
b. Label the hemiacetal carbon in a-D-galactose. 
O c. Draw the structure of B-D-galactose. 
HO T d. Draw the structure of the polyhydroxy aldehyde that cyclizes to œ- and 


OH B-D-galactose. 
From what you learned in Section 21.16B, what produci(s) is (are) formed 
when o-D-galactose is treated with CH3OH and an acid catalyst? 


as ooo o Oooo MM 


9 


a-D-galactose 
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General Facts 


e Aldehydes and ketones contain a carbonyl group bonded to only H atoms or R groups. The carbonyl carbon is sp? hybridized and 


trigonal planar (21.1). 


e Aldehydes are identified by the suffix -a/, whereas ketones are identified by the suffix -one (21.2). 
e Aldehydes and ketones are polar compounds that exhibit dipole-dipole interactions (21.3). 


Summary of Spectroscopic Absorptions of RCHO and R,CO (21.4) 


IR absorptions 


1H NMR absorptions 


130 NMR absorption 


C=O ~1715 cm for ketones (increasing frequency with decreasing ring size) 
~1730 cm for aldehydes 
e For both RCHO and R,CO, the frequency decreases with conjugation. 
Csp2- H of CHO ~2700-2830 cm (one or two peaks) 
CHO 9-10 ppm (highly deshielded proton) 
C-Hato C=O 2-2.5 ppm (somewhat deshielded C,,3- H} 


C=0 190-215 ppm 


Nucleophilic Addition Reactions 
[1] Addition of hydride (H7) (21.8) 


. g 
ï NaBH,, CHOH R-C-H(R’) 
RHR) or H 


[1] LiAIH,; [2] HO 


[2] Addition of organometallic reagents (R7) (21.8) 
OH 


o i 
č [1] R"MgX or R"Li R-C-H(R) 


RHR) 2]H,0. R" 


1°, 2°, or 3° alcohol 


[3] Addition of cyanide (CN) (21.9) 
OH 
R-G-HIR) 
CN 


cyanohydrin 


[4] Wittig reaction (21.10) 
R R 


\ / X 
=O: + PhP=0 ———> £= 

(RH (R')H 
Wittig reagent alkene 


[5] Addition of 1° amines (21.11) 


a R"NH> 
c=:0 ———— 
(RH mild acid 


[6] Addition of 2° amines (21.12) 
O NR3 


, H RoNH Se 
(R wo mild acid (R aa 


enamine 


[7] Addition of H2O— Hydration (21.13) 


HO 
9 Ht or “OH On 
AH (R) REO StKh) 
OH 
gem-diol 


[8] Addition of alcohols (21.14) 


OR" 
? w E 
E Ro R-C-H(R') 
R HR) (2 equiv) OR" 


acetal 


1° or 2° alcohol 
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The mechanism has two steps. 
H: adds to the planar C=O from both sides. 


The mechanism has two steps. 
(R"Y adds to the planar C=O from both sides. 


The mechanism has two steps. 
“CN adds to the planar C=O from both sides. 


The reaction forms a new C-C o bond and 
anew C-C r bond. 
Ph3P=O is formed as by-product. 


The reaction is fastest at pH 4-5. 
The intermediate carbinolamine is unstable, 
and loses H20 to form the C=N. 


The reaction is fastest at pH 4-5. 
The intermediate carbinolamine is unstable, and 
loses H20 to form the C=C, 


The reaction is reversible. Equilibrium favors the 
product only with less stable carbonyl compounds 
(e.g., HCO and ClgCCHO). 

The reaction is catalyzed by either H* or “OH. 


The reaction is reversible. 

The reaction is catalyzed by acid. 

Removal of H20 drives the equilibrium to favor 
the products. 
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Other Reactions 
{1] Synthesis of Wittig reagents (21.10A) 
[1] PhaP: 
[2] Bu—Li 


RCH)X PhaP=CHR 


[2] Conversion of cyanohydrins to aldehydes and ketones (21.9) 


| 
a -OH R 
e p t ——$———— 
R Ç H(R') R Hin) + HO 
GN aldehyde or| + -CN 
_ ketone 
[3] Hydrolysis of nitriles (21.9) 
OH | 
R-C-HIR) Be ja 
l Htor-OH | P- ỌHIR) 
CN A | COOH 
` a-hydroxy 


_ carboxylic acid 


[4] Hydrolysis of imines and enamines (21.12) 


NR NRo QO 
H HO, H+ H 
K or Ted -eat y (RH 
imine enamine | aldehyde or 
ketone 


[5] Hydrolysis of acetals (21.14) 


ae Ht 9 
R-C-H(R’) + HQ ~~~ Ae. | + ROH 
OR" R H(R') (2 equiv) 
aldehyde or 


ketone 


Step [1] is best with CH3X and RCH2X because 
the reaction follows an Sy2 mechanism. 

A strong base is needed for proton removal in 
Step [2]. 


This reaction is the reverse of cyanohydrin 
formation. 


RNHz or R2NH 


The reaction is acid catalyzed and is the reverse of 
acetal synthesis. 

A large excess of H20 drives the equilibrium to 
favor the products. 


Problems 849 


PROBLEMS o 


Problems Using Three-Dimensional Models 


21.39 (a) Give the IUPAC name for A and B. (b) Draw the product formed when A or B is treated with each reagent: 
[1] NaBH,, CHOH; [2] CH3sMgBr, then H20; [3] PhgP=CHOCHs; [4] CHsCH2CH2NHg, mild acid; [5] HOCH,CH2CH2OH, H+. 


a =] ~ y m 
xt 
~ a bi 09 CE al 
» 8” @ ə 2. 
D w a vi . 
vv ve t z < 
A B 


21.40 Rank the following compounds in order of increasing reactivity in nucleophilic addition. 


@& v 


@ Jo we 


@ 
3 
a id ‘ (e) ə © J 
v] b 
Xe x v ë ry @ $ © 
w) ~ @ v 
21.41 What carbonyl compound and diol are needed to prepare each compound? 
wW re) W 
e è @ “6 @ 4.» 
“© © o etg? 
a. èe è 4 
o a e*, a” 
a w 


Nomenclature 


21.42 Give the IUPAC name for each compound. 


(e) CHO ie) 
a. Pl ing te phn d. Di g. A 


““CHoPh 
o 
b. CL e. CHs h. Frage 
CHO NO; 
O 
Cc. f. CHO 
21.43 Give the structure corresponding to each name. 
a. 2-methyl-3-phenylbutanal e. 3-benzoylcyclopentanone i. 2-sec-butyl-3-cyclopentenone 
b. dipropyl ketone f. 2-formylcyclopentanone j. 5,6-dimethyl-1-cyclohexenecarbaldehyde 
c. 3,3-dimethylcyclohexanecarbaldehyde g. (3R)-3-methyl-2-heptanone 
d. a-methoxypropionaldehyde h. m-acetylbenzaldehyde 


21.44 Including stereoisomers, draw the 11 aldehydes with molecular formula CgH;20, and give the IUPAC name (with any needed 
R,S designation) for each compound. 
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Reactions 


21.45 Draw the product formed when phenylacetaldehyde (CgH;CH2CHO) is treated with each reagent. Phenylacetaldehyde is partly 
responsible for the fragrance of the flowers of the plumeria tree, which is native to the tropical and subtropical Americas. 


a. NaBH,, CHOH e. Ph3P=CHCH3 

b. [1] LiAIH,; [2] H2O f. (CHg)2CHNHp, mild acid i. ¢ NH, mild acid 

c. [1] CH3sMgBr; [2] H2O g. (CH3CHs2)oNH, mild acid 

d. NaCN, HCI h. CH3CH2OH (excess), H* j. HOCH,CH,OH, H* 

21.46 Draw the products formed in each reaction sequence. 
aneha LEE E E L a crci LEMP 

——_ ——_— + > 

oe BT Bol - Merten 9) BuLi 27 [2] Bui 
[3] (CHa)2C=0 [3] CgH;CH,CH,CHO [3] CH;CH,CH,CHO 


21.47 What alkyl halide is needed to prepare each Wittig reagent? 
a. PhP = CHCH2CH2CH3 b. PhaP=C(CHCH2CH3)2 c. Ph}P=CHCH=CH; 


21.48 Draw the products of each reaction. 


PhaP 
° E i Ha0*, A 


f. 205 
CeH5  CeHs 


CHgCH,CHO + HN os g. OH —= 5 
acid H+ 
(8) 
HOCH CHOH í ; H.O* 
C. ro —S= m h, Ae _H3;0° 


+ OCH + 
"iii i eae i. owo X es 
NAS OCH, 


a 


mild 

+E y Al, Ph3P=CH(CH2);COOCH 

oe Oh oe N acid j. O PME =CIEH COOCH 
H 
21.49 What carbonyl compound and alcohol are formed by hydrolysis of each acetal? 
CH,0. OCH, 
CHsCH,O. OCH,CH, OCHS So 
a. bi 2 G; ee 
OCH2CH, 
OCH, 


21.50 Identify the lettered intermediates in the following reaction sequence. When a mixture of ortho and para products results in 
electrophilic aromatic substitution, consider the para product only. The 'H NMR spectrum of G shows two singlets at 2.6 and 


8.18 ppm. 
Brz CH,COCI HOCHCH,OH Mg [1] CHsCHO PCC H,O 
FeBra AlCl H* [2] HzO H+ 


21.51 Draw all stereoisomers formed in each reaction. 


PhsP=CHCH,CH,CH N 
a. CHsCH,CH,JCHO }—*———2" 2 4 c. ee, 
CHjOH 
CH,CH, 
0) 
AA NaCN CHOH 
b. =e d. HO O ia 


OH 


Problems 851 


21.52 Hydroxy aldehydes A and B readily cyclize to form hemiacetals. Draw the stereoisomers formed in this reaction from both A 
and B. Explain why this process gives an optically inactive product mixture from A, and an optically active product mixture 


from B. 
CHO 
HO n ect 


A HOH B 
21.53 Etoposide, sold as a phosphate derivative with the trade name of Etopophos, is used for the treatment of lung cancer, 


testicular cancer, and lymphomas. (a) Locate the acetals in etoposide. (b) What products are formed when all of the acetals 
are hydrolyzed with aqueous acid? 


Properties of Aldehydes and Ketones 


21.54 Rank the following compounds in order of increasing reactivity in nucleophilic addition. 


21.55 Which compound forms the higher concentration of hydrate at equilibrium, PhCOCHO or PhCH,CHO? Explain your reasoning. 


21.56 Consider the para-substituted aromatic ketones, NO2CgH,COCHs3 (p-nitroacetophenone) and CH3z;0CgH4zCOCH3 
(p-methoxyacetophenone). 
a. Which carbonyl compound is more stable? 
b. Which compound forms the higher percentage of hydrate at equilibrium? 


c. Which compound exhibits a carbonyl absorption at higher wavenumber in its IR spectrum? Explain your reasoning in each 
part. 


Synthesis 


21.57 What Wittig reagent and carbonyl compound are needed to prepare each alkene? When two routes are possible, indicate which 
route, if any, is preferred. 


Chg prams CsH5 
a. (CH3CH2)>C=CHCH;CH;CH3 b. C= c. pom 8 d. C = 


21.58 What carbonyl compound and amine or alcohol are needed to prepare each product? 


m ou = tk i QO i Ox) y ey i 


OCH, 


21.59 What reagents are needed to convert each compound to benzaldehyde (CgH;CHO)? More than one step may be required. 


a. CsHsCH2OH e. CsHsCHs 

b. CsHsCOCI f. CsHsCH=CH, 

c. CgHsCOOCHS g. CeHsCH=NCH;CH;CH; 
d. CsHsCOOH h. CsHsCH(OCH;CH)2 
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21.61 


21.62 


21.63 


21.64 


21.65 


21.66 


21.67 
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What reagents are needed to convert each compound to 2-butanone (CH3COCH2CHs3)? 


Cl 
a. ee b d i c. CHCOCI d. CHyxCH,C=CH e. CHC =CCH, 
OH ho 


Show two different methods to carry out each transformation: a one-step method using a Wittig reagent, and a two-step 
method using a Grignard reagent. Which route, if any, is preferred for each compound? 


Poo OY 


Devise a synthesis of each alkene using a Wittig reaction to form the double bond. You may use benzene and organic alcohols 
having four or fewer carbons as starting materials and any required reagents. 
a. CH3CH,CHsCH=CHCH3 b. CgHsCH=CHCH2CH2CH3 c. (CHa)2C = CHCH(CHs)2 


Devise a synthesis of each compound from cyclohexene and organic alcohols. You may use any other required organic or 
inorganic reagents. 


O 
a. (onion b. (yanonor,ch c. C(OCH;CH3)2 d. b 
O 


2 


Devise a synthesis of each compound from the given starting materials. You may also use organic alcohols having four or fewer 
carbons, and any organic or inorganic reagents. 


a. C po Y => Q b. CH0 —on=cH—È olcha 
ii 
© and Cy 


Devise a synthesis of each compound from 5-hydroxy-2-pentanone (CHsCOCH2CH2CH20#) as starting material. You may also 
use alcohols having three or fewer carbons and any required organic or inorganic reagents. 


fe) 
jik ak A 
a. Aa b. CH=CHCH;CH3 
OH 


(E/Z mixture) 


Devise a synthesis of each compound from ethanol (CH3CH2OH) as the only source of carbon atoms. You may use any other 
organic or inorganic reagents you choose. 


OCH2CHs O 
\ 
a. CH3—G—-OCH,CHg b. H-c=c-Ç-0 
CHCH; CH, 


Albuterol is a bronchodilator used to treat the symptoms of asthma. Devise a synthesis of albuterol from X using any required 
organic compounds or inorganic reagents. 


OH 


N, 0 S 
HO C(CHs)3 paa 
/ 0 
Xx 


HO 
albuterol 


Problems 853 


Protecting Groups 


21.68 Design a stepwise synthesis to convert cyclopentanone and 4-bromobutanal to hydroxy aldehyde A. 


OH 
[=o + Br ~~ cHO ——> sow: 


cyclopentanone 4-bromobutanal A 


21.69 Besides the tert-butyldimethylsilyl ethers introduced in Chapter 20, there are many other widely used alcohol protecting 
groups, For example, an alcohol such as cyclohexanol can be converted to a methoxy methyl ether (a MOM protecting group) 
by treatment with base and chloromethyl methyl ether, CICH,OCHs. The protecting group can be removed by treatment with 


aqueous acid. 
[1] NaH ii 
Ok [2] CICH OCH OGOGO 


cyclohexanol methoxy methyl ether 
H30* 


p 


Write a stepwise mechanism for the formation of a MOM ether from cyclohexanol. 
b. What functional group comprises a MOM ether? 
c. Besides cyclohexanol, what other products are formed by aqueous hydrolysis of the MOM ether? Draw a stepwise 


mechanism that accounts for formation of each product. 
Mechanism 


21.70 Draw a stepwise mechanism for the following reaction. 


N o 
H,O* 
any i 
NHa 


21.71 Draw a stepwise mechanism for the following reaction, a key step in the synthesis of the anti-inflammatory drug celecoxib 
(trade name Celebrex, Section 30.6). 


H2NSO2 celecoxib 


21.72 Treatment of (HOCHsCH2CH2CH2)2CO with acid forms a product of molecular formula CgH1602 and a molecule of water. Draw 
the structure of the product and explain how it is formed. 


21.73 Draw a stepwise mechanism for each reaction. 


H,0* 
a. Us —* HOCH,CH,CH,CHO + CH,CH,OH 


OH fo) 
H,0* 
bi + GhcHo = Y—CsHs + H0 
OH o 
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Draw a stepwise mechanism for the following reaction that converts a dicarbonyl compound to a furan. 
(6) 


Anr = IA + e 
oO 


O 


Draw a stepwise mechanism for the following reaction, a key step in the synthesis of ticlopidine, a drug that inhibits platelet 
aggregation. Ticlopidine has been used to reduce the risk of stroke in patients who cannot tolerate aspirin. 


(drm +O = CC! as OO 


ticlopidine 


Salsolinol is a naturally occurring compound found in bananas, chocolate, and several foods derived from plant sources. 
Salsolinol is also formed in the body when acetaldehyde, an oxidation product of the ethanol ingested in an alcoholic beverage, 
reacts with dopamine, a neurotransmitter. Draw a stepwise mechanism for the formation of salsolinol in the following reaction. 


HO. NH, HO 
+ CH3CHO = + HO 
HO mild acid NH 


acetaldehyde HO 
dopamine CHa 


salsolinol 


Sulfur ylides, like Wittig reagents, are useful intermediates in organic synthesis. Sulfur ylides are formed by the treatment of 
sulfonium salts with butyllithium. They react with carbonyl compounds to form epoxides. Draw the mechanism for formation of 
epoxide X from cyclohexanone using a sulfur ylide. 


(Ohga -Sah Bub —+ (CH,),S—CH, oa p> (CHa)2S 


X- sulfur ylide 
sulfonium salt + BUCH + UX 


(a) Explain how NaBH, in CH3OH can reduce hemiacetal A to 1,4-butanediol (HOCH2CH2CH2CH20OH). (b) What product is 
formed when A is treated with PhP = CHCH2CH(CHs)2? (c) The drug isotretinoin is formed by reaction of X and Y. What is the 
structure of isotretinoin? Although isotretinoin (trade name Accutane or Roaccutane) is used for the treatment of severe acne, it 
is dispensed under strict controls because it also causes birth defects. 


mt 
PPhg NaOCH,CH3 y aroa 
— isotretinoin 


Reaction of 5,5-dimethoxy-2-pentanone with methylmagnesium iodide followed by treatment with aqueous acid forms cyclic 
hemiacetal Y. Draw a stepwise mechanism that illustrates how Y is formed. 


ie) 
1] CH3MgI 
OCH, [1] CH3Mg 
[2] H3O+* OH 
10) 
OCH3 
5,5-dimethoxy-2-pentanone 


Problems 855 


Spectroscopy 


21.80 


21.81 


21.82 


Although the carbonyl! absorption of cyclic ketones generally shifts to higher wavenumber with decreasing ring size, the C=O of 
cyclopropenone absorbs at lower wavenumber in its IR spectrum than the C=O of cyclohexenone. Explain this observation by 
using the principles of aromaticity learned in Chapter 17. 


pe O 


cyclopropenone 2-cyclohexenone 
(1640 cm) (1685 cm’) 


Use the 'H NMR and IR data to determine the structure of each compound. 


Compound A Molecular formula: C5H 190 
IR absorptions at 1728, 2791, and 2700 em” 
a ww... ....'HNMRdata:. ....  1.08.(singlet, 9 H) and 9.48 (singlet, 1 H) ppm 
Compound B Molecular formula: C5H0 
IR absorption at 1718 cm” 
1H NMR data: 1.10 (doublet, 6 H), 2.14 (singlet, 3 H), and 2.58 (septet, 1 H) ppm 
Compound C Molecular formula: C49H120 
IR absorption at 1686 cm” 
1H NMR data: 1.21 (triplet, 3 H), 2.39 (singlet, 3 H), 2.95 (quartet, 2 H), 7.24 (doublet, 2 H), and 
7.85 (doublet, 2 H) ppm 
Compound D Molecular formula: C10H120 
IR absorption at 1719 cm“ 
1H NMR data: 1.02 (triplet, 3 H), 2.45 (quartet, 2 H), 3.67 (singlet, 2 H), and 7.06-7.48 (multiplet, 
5 H) ppm 


A solution of acetone [(CHg)2C =O] in ethanol (CH3CH2OH) in the presence of a trace of acid was allowed to stand for several 
days, and a new compound of molecular formula C7H;g02 was formed. The IR spectrum showed only one major peak in the 
functional group region around 3000 cm~“, and the H NMR spectrum is given here. What is the structure of the product? 


1H NMR (C7H1602) 


856 Chapter 21 Aldehydes and Ketones—Nucleophilic Addition 


21.83 Compounds A and B have molecular formula CgH,90. Identify their structures from the 'H NMR and IR spectra given. 


100 


1H NMR of A 


% Transmittance 
o 
Oo 
E 
' 


4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm7!) 


1H NMR of B 


% Transmittance 


4000 3500 3000 2500 2000 1500 1000 500 


11 10 9 8 vA 6 5 4 3 2 1 0 
Wavenumber (cm) 


ppm 


21.84 An unknown compound C of molecular formula CsH120; exhibits a strong absorption in its IR spectrum at 1718 cm” and the 
given 'H NMR spectrum. What is the structure of C? 


1H NMR of C 


Problems 857 


21.85 An unknown compound D exhibits a strong absorption in its IR spectrum at 1692 cm”. The mass spectrum of D shows a molecular 
ion at m/z = 150 and a base peak at 121. The 'H NMR spectrum of D is shown below. What is the structure of D? 


Carbohydrates 
21.86 Draw the structure of the acyclic polyhydroxy aldehyde that cyclizes to each hemiacetal 
OH 
Ho Heo 
-O 
a. HO b. OH 
OH m OH 
OH 


21.87 ß-D-Glucose, a hemiacetal, can be converted to a mixture of acetals on treatment with CH3OH in the presence of acid. Draw a 
stepwise mechanism for this reaction. Explain why two acetals are formed from a single starting material. 


OH OH OH 
d CH,OH, HCI o o 
HOTA on = He ` ocH, + "85 + HO 
HO CH hou, 
B-p-glucose 


Challenge Problems 


21.88 Draw a stepwise mechanism for the following reaction. 


Lh 


21.89 Brevicomin, the aggregation pheromone of the western pine bark beetle, contains a bicyclic bridged ring system and is 
prepared by the acid-catalyzed cyclization of 6,7-dihydroxy-2-nonanone. 
a. Suggest a structure for brevicomin. 


b. Devise a synthesis of 6,7-dihydroxy-2-nonanone from 6-bromo-2-hexanone. You may also use three-carbon alcohols and 
any required organic or inorganic reagents. 


O: Oo OH 
peo several steps H,0* i tae 
_ ———— ——— brevicomin 
OH 


6-bromo-2-hexanone 6,7-dihydroxy-2-nonanone 
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21.90 Maltose is a carbohydrate present in malt, the liquid obtained from barley and other grains. Although maltose has numerous 
functional groups, its reactions are explained by the same principles we have already encountered. 


OH 
HO Q 
HO OH 
HO O (0) 
HO OH 
maltose HO 


a. Label the acetal and hemiacetal carbons. 
b. What products are formed when maltose is treated with each of the following reagents: [1] H3O*; [2] CHsOH and HCI; 


[3] excess NaH, then excess CHI? 
c. Draw the products formed when the compound formed in Reaction [3] of part (b) is treated with aqueous acid. 


The reactions in parts (b) and (c) are used to determine structural features of carbohydrates like maltose. We will learn much 
more about maltose and similar carbohydrates in Chapter 28. 

Identify R and S in the following reaction sequence, and draw a mechanism for the conversion of R to S (molecular formula 
CsH1003). S was used in the synthesis of darunavir (trade name Prezista), used to treat HIV. 


. OH fr’ 
OH Fs a: a ae 
5 Yr a aia Os `g 
2 


i [1] Og, then (CH3)2S RSO3H 
> R Ss — 


“4, [2] NaBH,y, CH3OH several 
S steps 


21.91 


sou 


Ho ph 


CH,O 
darunavir 


21.92 Draw a stepwise mechanism for the following reaction, a key step in the synthesis of conivaptan (trade name Vaprisol), a drug 
used in the treatment of low sodium levels. 


Br = 
fo) HN 
CPAP din I PK? 
HN“ SNH, 


N o cr N o 
re) 


conivaptan 


Carboxylic Acids and Their 
Derivatives—Nucleophilic Acyl 
Substitution 


R. ORIGIN’ 


ANDARDIZED EXTRACT 


Ginkgolide B, a major constituent of the extracts of the ginkgo tree Ginkgo biloba, is a 
complex molecule whose structure was determined in 1967. Although its compact, rigid 
ring system of 20 carbons made it a challenging molecule to prepare in the laboratory, 
Nobel Laureate E. J. Corey and co-workers reported its synthesis in 1988. Ginkgo extracts 
are widely used herbal supplements, taken to enhance memory and treat dementia. 
Recent findings of the National Institutes of Health, however, have cast doubt on their 
efficacy in providing long-term improvement in cognitive function. In Chapter 22 we 
learn about the reactions of esters, three of the many functional groups in ginkgolide B. 


22.1 
22.2 
22.3 
22.4 
22.5 


22.6 


22.7 


22.8 


22.9 
22.10 


22.11 
22.12 


22.13 


22.14 


22.15 


22.16 


22.17 


22.18 


Introduction 

Structure and bonding 
Nomenclature 
Physical properties 
Spectroscopic 
properties 

Interesting esters 

and amides 


Introduction to 
nucleophilic acyl 
substitution 


Reactions of acid 
chlorides 


Reactions of anhydrides 


Reactions of carboxylic 
acids 

Reactions of esters 
Application: Lipid 
hydrolysis 

Reactions of amides 


Application: The 
mechanism of action of 
B-lactam antibiotics 
Summary of 
nucleophilic acyl 
substitution reactions 
Natural and synthetic 
fibers 

Biological acylation 
reactions 

Nitriles 
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22.1 


General structure 


we 
acyl group 


Z = electronegative atom 
L 


Chapter 22 Carboxylic Acids and Their Derivatives—Nucleophilic Acyl Substitution 


Chapter 22 continues the study of carbonyl compounds with a detailed look at 
nucleophilic acyl substitution, a key reaction of carboxylic acids and their derivatives. Substitu- 
tion at sp” hybridized carbon atoms was introduced in Chapter 20 with reactions involving carbon 
and hydrogen nucleophiles. In Chapter 22, we learn that nucleophilic acyl substitution is a general 
reaction that occurs with a variety of heteroatomic nucleophiles. This reaction allows the conver- 
sion of one carboxylic acid derivative into another. Every reaction in Chapter 22 that begins 
with a carbonyl compound involves nucleophilic substitution. Chapter 22 also discusses the 
properties and chemical reactions of nitriles, compounds that contain a carbon—nitrogen triple 
bond. Nitriles are in the same carbon oxidation state as carboxylic acids, and they undergo reac- 
tions that form related products. 


introduction 


Chapter 22 focuses on carbonyl compounds that contain an acyl group bonded to an electro- 
negative atom. These include the carboxylic acids, as well as carboxylic acid derivatives that 
can be prepared from them: acid chlorides, anhydrides, esters, and amides. 


C a, 


R- “`GH vr o 
carboxylic acid we 
R = CH3 
acetic acid 


‘0: I 
Z=Cl CL. 2 K 
RO “Gh \. Y 


e Ə 


acid chloride ee 
R = CH3 
acetyl chloride 


‘0: 4 a 
Z= se <s J 
OCOR Rsg- p @ W” 
anhydride e 22 


R = CH3 
acetic anhydride 


10: l , 
Z=OR' CLs: < % 
R^ ~Or' or * » 


R=R'=CHg 
methyl acetate 


:O: 
Z=NR pe 3 @® ç , 
R NR'p oe eo 
R' =H or alkyl « J 
amide 


R = CH}, R'=H 
acetamide 


Nucleophilic acyl substitution 
was first discussed in 

Chapter 20 with R7 and 

H- as the nucleophiles. This 
substitution reaction is general 
for a variety of nucleophiles, 
making it possible to form 
many different substitution 
products, as discussed in 
Sections 22.8-22.13. 


22.1 Introduction 861 


Anhydrides contain two carbonyl groups joined by a single oxygen atom. Symmetrical anhydrides 
have two identical alkyl groups bonded to the carbonyl carbons, and mixed anhydrides have two 
different alkyl groups. Cyclic anhydrides are also known. 


? F ? 9 
Sg” aaa" S 
O 
A 
f O 
Two R's are the same. Two R's are different. 
symmetrical anhydride mixed anhydride cyclic anhydride 


Amides are classified as 1°, 2°, or 3° depending on the number of carbon atoms bonded directly 
to the nitrogen atom. 


Q Q ? 
| | | 
H H R' 
1° amide 2° amide 3° amide 
1 C—N bond 2 C—N bonds 3 C—N bonds 


Cyclic esters and amides are called lactones and lactams, respectively. The ring size of the het- 
erocycle is indicated by a Greek letter. An amide in a four-membered ring is called a B-lactam, 
because the B carbon to the carbonyl is bonded to the heteroatom. An ester in a five-membered 
ring is called a y-lactone. 


Lactones-Cyclic esters | Lactams-Cyclic amides } 
O 9 o fe) 
hom OS ean T 
N-CH 
B —4—-ycarbon B <— 8 carbon o—=-B carbon Boh <a 
Y 
y-lactone 8-lactone B-lactam y-lactam 


All of these compounds contain an acyl group bonded to an electronegative atom Z that can 
serve as a leaving group. As a result, these compounds undergo nucleophilic acyl substitution. 
Recall from Chapters 20 and 21 that aldehydes and ketones do not undergo nucleophilic substitu- 
tion because they have no leaving group on the carbonyl carbon. 


9 fe) 
II ‘Nic 
Nucleophilic substitution Gs JNU. E + Z Nu replaces Z. 
R zZ R Nu 


Z = OHK, Cl, OCOR, OR', NR's 


Nitriles are compounds that contain a cyano group, CEN, bonded to an alkyl group. Nitriles 
have no carbonyl group, so they are structurally distinct from carboxylic acids and their deriva- 
tives. The carbon atom of the cyano group, however, has the same oxidation state as the carbonyl 
carbon of carboxylic acid derivatives, so there are certain parallels in their chemistry. 


General structure—Nitriles 


R-C=N R-C=N C 


cyano group Both compounds have one carbon atom 


with three bonds to electronegative atoms. 
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Problem 22.1 Oxytocin, sold under the trade name Pitocin, is a naturally occurring hormone used to stimulate 
uterine contractions and induce labor. Classify each amide in oxytocin as 1°, 2°, or 3°. 


NH2 
L O 
O O H 
uag N fo} N O 
(8) NH HN 
7 Ct A \=0 
NH NH, ~S HN 
N S 
(8) 
(8) oxytocin 


HO 


22.2 Structure and Bonding 


The two most important features of any carbonyl group, regardless of the other groups bonded 
to it, are the following: 


sp* hybridized 
| aara 
i @ = “ne 


trigonal planar electrophilic carbon 


e The carbonyl carbon is sp? hybridized and trigonal planar, making it relatively uncrowded. 


o The electronegative oxygen atom polarizes the carbonyl group, making the carbonyl 
carbon electrophilic. 


Because carboxylic acid derivatives (RCOZ) all contain an atom Z with a nonbonded electron 
pair, three resonance structures can be drawn for RCOZ, compared to just two for aldehydes and 
ketones (Section 20.1). These three resonance structures stabilize RCOZ by delocalizing electron 
density. In fact, the more resonance structures 2 and 3 contribute to the resonance hybrid, the 
more stable RCOZ is. 


es mss me 0 
: “QO: 0: : 
C? —— P eoe | a 
MNS ALL ONE: ss o 
R Z RH+ Z R R gt Z 
1 2 3 hybrid 


The basiclty of Z determines how much | 
this structure contributes to the hybrid. 


e The more basic Z is, the more it donates its electron pair, and the more resonance 
structure 3 contributes to the hybrid. 


22.2 Structure and Bonding 863 


To determine the relative basicity of the leaving group Z, we compare the pK, values of the con- 
jugate acids HZ, given in Table 22.1. The following order of basicity results: 


Trends in 
basicity cr RCOO- -OH -OR' “NR'o 


weakest base —_—— R i strongest base 


Increasing basicity 


Table 22.1 pk, Values of the Conjugate Acids (HZ) for Common Z Group 


of Acyl 
Compounds (RCOZ) l 


Structure Leaving group (Z) Conjugate acid (HZ) pKa 


RCOCI cr HCI -7 
acid chloride 
(RCO),0 RCOO- RCOOH 3-5 
anhydride 
RCOOH “OH H20 15:7 
carboxylic acid 
RCOOR' “OR' R'OH 15.5-18 
ester 
RCONR', “NR's R'»NH 38-40 
amide 


Because the basicity of Z determines the relative stability of the carboxylic acid derivatives, the 
following order of stability results: 


least stabilized i i i i i i | most stabilized 
| by resonance Aes AoA a-oNon non A-OSNR's | by resonance | 


acid chlorides anhydrides carboxylic acids esters amides 


similar 


Thus, an acid chloride is the least stable carboxylic acid derivative because CI” is the weakest 
base. An amide is the most stable carboxylic acid derivative because NR’ is the strongest base. 


e In summary: As the basicity of Z increases, the stability of RCOZ increases because of 
added resonance stabilization. 


Problem 22.2 Draw the three possible resonance structures for an acid bromide, RCOBr. Then, using the pK, 


values in Appendix A, decide if RCOBr is more or less stabilized by resonance than a carboxylic 
acid (RCOOH). 
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22.3 


22.3A 


How do the following experimental results support the resonance description of the relative 
stability of acid chlorides compared to amides? The C- Cl bond lengths in CHCI and CH3;COCI 
are identical (178 pm), but the C -N bond in HCONHs is shorter than the C- N bond in CH3NH2 
(135 pm versus 147 pm). 


The structure and bonding in nitriles is very different from the carboxylic acid derivatives, and 
resembles the carbon-carbon triple bond of alkynes. 


ə 180° 
CH3-C=N: = ee 


sp hybridized 


Nucleophiles attack here. 


e The carbon atom of the CEN group is sp hybridized, making it linear with a bond angle 
of 180°. 
e The triple bond consists of one o and two x bonds. 


Like the carboxylic acid derivatives, nitriles contain an electrophilic carbon atom, making 
them susceptible to nucleophilic attack. 


Nomenclature 


The names of carboxylic acid derivatives are formed from the names of the parent carboxylic 
acids discussed in Section 19.2. Keep in mind that the common names formic acid, acetic acid, 
and benzoic acid are virtually always used for the parent acid, so these common parent names 
are used for their derivatives as well. 


Naming an Acid Chloride—RCOCI 


Acid chlorides are named by naming the acyl group and adding the word chloride. Two different 
methods are used. 


[1] For acyclic acid chlorides: Change the suffix -ic acid of the parent carboxylic acid to 
the suffix -yl chloride; or 

[2] When the —COCI group is bonded to a ring: Change the suffix -carboxylic acid to 
-carbonyl chloride. 


Naming 
acid chlorides c2 
(0) O (@) 


i a \ i 


CH; Cl cl CH,CH2CH™ “Cl 
ee CH3 
derived from — E 


acetic acid 


acetyl chloride 


derived from 
cyclohexanecarboxylic acid 


cyclohexanecarbonyl chloride 


derived from 
2-methylbutanoic acid 


2-methylbutanoyl chloride 


22.3B 


The word anhydride means 
“without water.” Removing one 
molecule of water from two 
molecules of carboxylic acid 
forms an anhydride. 


anhydride 


22.3C 


Esters are often written as 
RCOOR'’, where the alkyl 
group (R') is written /ast. When 
an ester is named, however, 
the R' group appears first in 
the name. 


How To Name an Ester (RCO,R’) Using the IUPAC System 


Example Give a systematic name for each ester: 


O 
ll 


C 
a OH SOCH;CH, 


Step [1] 


e The name of the alkyl group, ending in the suffix -y/, becomes the first part of the ester name. 


G 
CH5 `OCH;CH3 


Name the R' group bonded to the oxygen atom as an alkyl group. 
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Naming an Anhydride 


Symmetrical anhydrides are named by changing the acid ending of the parent carboxylic acid 
to the word anhydride. Mixed anhydrides, which are derived from two different carboxylic 
acids, are named by alphabetizing the names for both acids and replacing the word acid by the 
word anhydride. 


| Mixed anhydride Í 


| Symmetrical anhydride | 


| 
Oo oO 0O Ọ 
g é Il Il 
ce O GH, CH; `O” 


C 
derived from acetic acid G 
derived from acetic acid 


acetic anhydride 
y and benzoic acid 


acetic benzoic anhydride 


Naming an Ester—RCOOR' 


An ester has two parts to its structure, each of which must be named: an acyl group (RCO-) 
and an alkyl group (designated as R') bonded to an oxygen atom. 


e In the IUPAC system, esters are identified by the suffix -ate. 


2 o 


c 
b. ~O-G-CHs 
CH3 


ie) 
ji 1 CH 


ethyl group Gog b a. tert-butyl group 
—C—CHsg 
| 


Step [2] 


e The name of the acy] group becomes the second part of the name. 


CHg 


— 
derived from 
acetic acid ---—> acetate 


Answer: ethyl acetate 


Name the acyl group (RCO-) by changing the -ic acid ending of the parent carboxylic acid to the suffix -ate. 


C 
< `OCH;CH3 


ie) 

i CH3 

(o 1 
O-C—CHg 


CH3 
— 
derived from 
cyclohexanecarboxylic acid ~--- cyclohexanecarboxylate 


Answer: tert-butyl cyclohexanecarboxylate 
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22.3D Naming an Amide 


All 1° amides are named by replacing the -ic acid, -oic acid, or -ylic acid ending with the suffix 
amide. 


F | QO 
Naming | 
1° amides Q Cy ca. fs Q 
| | i Cy NH3 g 


CH; NH, 
US 


derived from — y (damm 
acetic acid derived from derived from 
benzoic acid 2-methylcyclopentanecarboxylic acid 
acetamide benzamide 2-methylcyclopentanecarboxamide 


A 2° or 3° amide has two parts to its structure: an acyl group that contains the carbonyl group 
(RCO -) and one or two alkyl groups bonded to the nitrogen atom. 


How To Name a 2° or 3° Amide 


Example Give a systematic name for each amide: 


O O 
l Il 


E 
a. H“ ~NHCH,CH; b. i i 
CHa 


Step [1] Name the alkyl group (or groups) bonded to the N atom of the amide. Use the prefix “N-” preceding the name of 
each alkyl group. 


e The names of the alkyl groups form the first part of each amide name. 
e For 3° amides, use the prefix di- if the two alkyl groups on N are the same. If the two alkyl groups are different, 
alphabetize their names. One “N-” is needed for each alkyl group, even if both R groups are identical. 


(0) 
ll «~ ~ethyl group 


a JC. e The compound is a 2° amide with one ethyl group > N-ethyl. 
H~  ~NHCH,CH3 


(0) 
Il 
CL -CH4 N 
b. N two methyl 
CH a groups 


Step [2] Name the acyl group (RCO-) with the suffix -amide. 


e The compound is a 3° amide with two methyl groups. 
e Use the prefix di- and two “N-” to begin the name —> N,N-dimethyl. 


IS, 
I 
a. Cw e Change the -ic acid or -oic acid suffix of the parent carboxylic acid to the suffix 
H NHCH,CH3 ‘ 
ae -amide. 
derived from e Put the two parts of the name together. 
formic acid ----- > formamide e Answer: N-ethylformamide 
fi 
C ‘N Zo H3 r 
b. N e Change benzoic acid to benzamide. 
CH e Put the two parts of the name together. 
——— e Answer: N,N-dimethylbenzamide 


derived from 
benzoic acid -- -> benzamide 
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22.3E Naming a Nitrile 


In contrast to the carboxylic acid derivatives, nitriles are named as alkane derivatives. To name 
a nitrile using IUPAC rules: 


e Find the longest chain that contains the CN and add the word nitrile to the name of the 
parent alkane. Number the chain to put CN at C1, but omit this number from the name. 


Common names for nitriles are derived from the names of the carboxylic acid having the same 
number of carbon atoms by replacing the -ic acid ending of the carboxylic acid by the suffix 
-onitrile, 


In naming a nitrile, the CN 
carbon is one carbon atom of 
the longest chain. CHCH CN 
is propanenitrile, not 
ethanenitrile. 


When CN is named as a substituent, it is called a cyano group. Figure 22.1 illustrates features 
of nitrile nomenclature. 


Table 22.2 summarizes the most important points about the nomenclature of carboxylic acid 
derivatives. 


Figure 22.1 a. IUPAC name for a nitrile b. Common name fora nitrile c. CN asa substituent 


Summary of nitrile C1 


nomenclature ca Hi Gi CH;—-C=N | COOH 
| CHCH; ~ C—CN | derived from X 
_ GH, 7 acetic t CN 
butane + nitrile acetonitrile C2 


(4 C's) 


2-cyanocyclohexanecarboxylic acid 
2-methylbutanenitrile 


Table 22.2 Summary: Nomenclature of Carboxylic Acid Derivatives and Nitriles 


Compound Name ending Example Name 
q 
acid chloride -yl chloride or c ABs. benzoyl chloride 
-carbonyl chloride eH Cl 
? f 
anhydride anhydride xox benzoic anhydride 
CsHs O CeHs 
? 
ester -ate On ethyl benzoate 
CsH; OCH CH3 
? 
amide -amide Een N-methylbenzamide 
CgHs NHCH, 
nitrile -nitrile or -onitrile CgH;—C=N benzonitrile 
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Sample Problem 22.1 Give the IUPAC name for each compound. 


jie ph e p 
/ 
a. CHCH CHCH CHCOCI b. CH3CH,CH;,CH— C 
OCH(CH3)2 
Solution 
a. The functional group is an acid chloride bonded to a chain of atoms, so the name ends in -y/ 
chloride. 
[1] Find and name the longest chain [2] Number and name the substituents: 
containing the COCI: 
= CHa Mak — Chig CH3 
| CH3CHCHCHCHCOCI | | CHgCH»CHCH,CHCOCI | 
C4 C2C1 
hexanoic acid —— hexanoy! chloride Anewar 
(6 C’s) 2,4-dimethylhexanoy! chloride 


b. The functional group is an ester, so the name ends in -ate. 


[1] Find and name the longest chain [2] Number and name the substituents: 
containing the carbonyl group: 


con 2 Gry. Q 
| CHsCH2CHCH-G | CHCHCHCH-Q «—01 
i OCH(CHa)2 t OCHCH; | 
pentanojc acid —> pentanoate C2 CH, | 


(50.8) isopropy! group 


Answer: isopropyl 2-methylpentanoate 


The name of the alkyl group on the O atom 
goes first in the name. 


Problem 22.4 Give an IUPAC or common name for each compound. 


o 2g 
CHaCHCHCOCI d. „C cren oI f sn ape 
a. ( 3 2)2 . H? `OCH,CHa 8. 30M2 G a 


b. CgHsCOOCH, 
C. CHCH CON(C H3)CH2CH3 


pa 


Problem 22.5 Draw the structure corresponding to each name. 
a. 5-methylheptanoyl chloride 
b. isopropyl propanoate 
c. acetic formic anhydride 
d. N-isobutyl-N-methylbutanamide 


3-methylpentanenitrile 
o-cyanobenzoic acid 
sec-butyl 2-methylhexanoate 
N-ethylhexanamide 


7O aD 


22.4 Physical Properties 


Because all carbonyl compounds have a polar carbonyl group, they exhibit dipole-dipole inter- 
actions. Nitriles also have dipole-dipole interactions because they have a polar C=N group. 
Because they contain one or two N—H bonds, 1° and 2° amides are capable of intermolecular 
hydrogen bonding. The N—H bond of one amide intermolecularly hydrogen bonds to the C=O 
of another amide, as shown using two acetamide molecules (CH;CONH,) in Figure 22.2. 


Figure 22.2 
Intermolecular hydrogen 
bonding between two 
CH3CONH» molecules 


Table 22.3 Physical Properties of Carboxylic Acid Derivatives i 


Property 


Boiling point and melting point 


Solubility 


Key: MW = molecular weight 


Problem 22.6 


22.5 
22.5A 
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CH, a H 
pä = o = MN 
H-N: f \ g? C—CHg 
7 i oe d 
” é 2 
| hydrogen bond | 


Observation 


e Primary (1°) and 2° amides have higher boiling points and melting points than 
compounds of comparable molecular weight. 

è The boiling points and melting points of other carboxylic acid derivatives are similar 
to those of other polar compounds of comparable size and shape. 


0) fe) 0) 0) 
é i i i 
CH; CI CH3 “~`OCHa CH4 ~~CH,CH, CHCH “~NH3 
MW =78.5 MW =74 MW = 72 MW =73 
bp52°C ~ bp 58 °C ~ bp 80 °C < bp 213 °C 


——————— OO FI 
similar boiling points higher boiling point 
1° amide 

e Carboxylic acid derivatives are soluble in organic solvents regardless of size. 

e Most carboxylic acid derivatives having < 5 C’s are H2O soluble because they can 
hydrogen bond with H20 (Section 3.40). 

e Carboxylic acid derivatives having > 5 C’s are H20 insoluble because the nonpolar 
alkyl portion is too large to dissolve in the polar H20 solvent. 


How these factors affect the physical properties of carboxylic acid derivatives is summarized in 
Table 22.3. 


Explain why the boiling point of CH3CONH; (221 °C) is significantly higher than the boiling point 
of CHsCON(CHs)2 (166 °C), even though the latter compound has a higher molecular weight and 
more surface area. 


Spectroscopic Properties 
IR Spectra 


The most prominent IR absorptions for carboxylic acid derivatives and nitriles are as follows: 


[1] Like all carbonyl compounds, carboxylic acid derivatives have a strong C=O absorption 
between 1600 and 1850 cm™. 

[2] Primary (1°) and 2° amides have two additional absorptions due to the N—H bonds: 
* one or two N-H stretching peaks at 3200-3400 cm~! 
e an N-H bending absorption at ~1640 cm“! 


[3] Nitriles have an absorption at 2250 cm” for the CEN. 

The exact location of the carbonyl absorption varies with the identity of Z in the carbonyl com- 
pound RCOZ. As detailed in Section 22.2, as the basicity of Z increases, resonance stabilization 
of RCOZ increases, resulting in the following trend: 


e As the carbonyl x bond becomes more delocalized, the C=0 absorption shifts to lower 
frequency. 
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Thus, the carbonyl group of an acid chloride and anhydride, which are least stabilized by reso- 
nance, absorb at higher frequency than the carbonyl group of an amide, which is more stabilized 
by resonance. Table 22.4 lists specific values for the carbonyl absorptions of the carboxylic acid 
derivatives. 


Table 22.4 IR Absorptions for the Carbonyl Group of Carboxylic Acid Derivatives 


Compound type Structure (RCOZ) Carbonyl absorption (¥) 


O 
acid chloride E ~1800 
R cl 
N 
5 ? F 
anhydride Ë G 1820 and 1760 (2 peaks) 
R O 
O 
ester DON 1735-1745 
R DOR! 
O 
l 
amide Rl NR 1630-1680 
R' =H or alkyl 


<a Conjugation and ring size affect the location of these carbonyl absorptions. 
The effects of conjugation and 


ring size on the location of a 
carbonyl absorption were first 
discussed in Section 21.4A. 


e Conjugation shifts a carbonyl absorption to lower frequencies. 


e For cyclic carboxylic acid derivatives, decreasing ring size shifts a carbonyl absorption 
to higher frequencies. 


Problem 22.7 How would the compounds in each pair differ in their IR spectra? 


fe) 
i i i 
a. CH ~OCH,CH, and CH ON(CH;CH;)> © CH3CH; NHCH3 and CHCH% `NH, 


@ 9 9 ọ 
Ọ 
b. Ĝ and Cs d. O and Ci 


22.5B NMR Spectra 
Carboxylic acid derivatives have two characteristic 'H NMR absorptions. 


[1] Protons on the a carbon to the carbonyl absorb at 2-2.5 ppm. 
[2] The N-H protons of 1° and 2° amides absorb at 7.5-8.5 ppm. 


In their °C NMR spectra, carboxylic acid derivatives give a highly deshielded peak at 
160-180 ppm due to the carbonyl carbon. This is somewhat upfield from the carbonyl! absorp- 
tion of aldehydes and ketones, which occurs at 190-215 ppm. 


Nitriles give a peak at 115-120 ppm in their °C NMR spectrum due to the sp hybridized 
carbon. This is farther downfield than the signal due to the sp hybridized carbon of an alkyne, 
which occurs at 65-100 ppm. 
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Problem 22.8 Deduce the structures of compounds A and B, two of the major components of jasmine oil, from 
the given data. 


Compound A: CgH;90z; IR absorptions at 3091-2895 and 1743 cm™'; 'H NMR signals at 
2.06 (singlet, 3 H), 5.08 (singlet, 2 H), and 7.33 (broad singlet, 5 H) ppm. 

Compound B: C14H;20>; IR absorptions at 3091-2953 and 1718 cm; 'H NMR signals at 
5.35 (singlet, 2 H) and 7.26-8.15 (multiplets, 10 H) ppm. 


22.6 Interesting Esters and Amides 


Esters 
Many low molecular weight esters have pleasant and very characteristic odors. 


CH3COOCH,CH,CH(CHa)2 CH3CH,;CH»COOCH,CH, CHgCH,CH(CH3)CO,CH, 


2 < d 2 
isoamyl acetate ethyl butanoate methyl 2-methylbutanoate 
odor of banana odor of mango odor of pineapple 


Several esters, including vitamin C and cocaine, have important biological activities. 


The characteristic odor of _CHs o 
many fruits is due to low 


molecular weight esters. OCH; 


ie} 
vitamin C cocaine rx? 


e Vitamin C (or ascorbic acid) is a water-soluble vitamin containing a five-membered lactone 
that we first discussed in Section 3.5B. Although vitamin C is synthesized in plants, humans 
do not have the necessary enzymes to make it, and so they must obtain it from their diet. 


The coca plant, Erythroxylon 
coca, is the source of the e Cocaine is an addictive stimulant obtained from the leaves of the coca plant. Chewing coca 


addictive drug cocaine. leaves for pleasure has been practiced by the indigenous peoples of South America for over 
a thousand years, and coca leaves were a very minor ingredient in Coca-Cola for the first 20 
years of its production. Cocaine is a widely abused recreational drug, and the possession and 
use of cocaine is currently illegal in most countries. 


22.6B Amides 


An important group of naturally occurring amides consists of proteins, polymers of amino acids 
joined together by amide linkages. Proteins differ in the length of the polymer chain, as well as 
in the identity of the R groups bonded to it. The word protein is usually reserved for high molecu- 
lar weight polymers composed of 40 or more amino acid units, while the designation peptide is 
given to polymers of lower molecular weight. 


eae) IAN 


ee aA are ae in Be 


7 
‘The R groups come ie R groups come from amino acids 
joined together to fc form the protein. 


872 


Peptides and proteins 
are discussed in detail in 
Chapter 29. 
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Proteins and peptides have diverse functions in the cell. They form the structural components of 
muscle, connective tissue, hair, and nails. They catalyze reactions and transport ions and mol- 
ecules across cell membranes. Met-enkephalin, for example, a peptide with four amide bonds 
found predominately in nerve tissue cells, relieves pain and acts as an opiate by producing 
morphine-like effects. 


ees | 23 
SCH, sy i git; 
HO na vad 


met-enkephalin o ə 3-D structure 
[The four amide bonds are shown in red.] >» 8 


| 


Several useful drugs are amides. For example, Gleevec (generic name: imatinib mesylate), an 
amide sold as a salt with methanesulfonic acid (CH3SO3H), is an anticancer drug used for the 
treatment of chronic myeloid leukemia as well as certain gastrointestinal tumors. Gleevec rep- 
resents a new approach to cancer chemotherapy, which targets a single molecule to disable the 
molecular mechanism responsible for a specific type of cancer. 


a 


ie 
+ CH3SO03H 
Trade name: Gleevec 
Generic name: imatinib mesylate 


Penicillins are a group of structurally related antibiotics, known since the pioneering work of Sir 
Alexander Fleming led to the discovery of penicillin G in the 1920s. All penicillins contain a strained 
B-lactam fused to a five-membered ring, as well as a second amide located œ& to the B-lactam car- 
bonyl group. Particular penicillins differ in the identity of the R group in the amide side chain. 


General structure—Penicillin | 
H 


RN aa H H 
p9 DX Aq J ix = or j e 
N CHa 
m ? | L COOH H COOH 
B-lactam penicillin G amoxicillin 


Cephalosporins represent a second group of B-lactam antibiotics that contain a four-membered 
ring fused to a six-membered ring. Cephalosporins are generally active against a broader range 
of bacteria than penicillins. 


"General Screen orn) 


—- NH» 
H HH HH H 
S = Soa Ny: =,S 
O N_LA, ie) N.Y 
fe) R fo) 
COOH cephalexin COOH 


Trade name: Keflex 
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22.7 Introduction to Nucleophilic Acyl Substitution 


The characteristic reaction of carboxylic acid derivatives is nucleophilic acyl substitution. 
This is a general reaction that occurs with both negatively charged nucleophiles (Nu: ) and neu- 
tral nucleophiles (HNu:). 


_ Nucleophilic substitution ð | Nu replaces Z. | 
L - — — O 
il >Nu7 li T 
20x, e = C F Z: are — =r 
R `Z or R Nu | leaving roup | 
HNu: oe z — 


| nucleophile 


e Carboxylic acid derivatives (RCOZ) react with nucleophiles because they contain an 
electrophilic, unhindered carbonyl carbon. 

e Substitution occurs, not addition, because carboxylic acid derivatives (RCOZ) have a 
leaving group Z on the carbonyl carbon. 


22.7A The Mechanism 


The general mechanism for nucleophilic acyl substitution is a two-step process: nucleophilic 


The mechanism for nucleophilic attack followed by loss of the leaving group, as shown in Mechanism 22.1. 


acyl substitution was first 
presented in Section 20.2. 


{S Mechanism 22.1 General Mechanism—Nucleophilic Acyl Substitution 


:0: O25 


y sa :0: 
as ay R-O1z 2 G + Z: œ In Step [1], the nucleophile attacks the carbonyl group, 
bi Nu R Nu cleaving the z bond, and forming a tetrahedral intermediate with a 
‘Nu | tetrahedral substitution new C- Nu bond. 
i intermediate Product e In Step [2], elimination of the leaving group forms the 
| nucleophilic attack | _ loss of a leaving group | substitution product. 


[Z = Cl, OCOR, OH, OR', NR'3] 


The overall result of addition of a nucleophile and elimination of a leaving group is sub- 
stitution of the nucleophile for the leaving group. Recall from Chapter 20 that nucleophilic 
substitution occurs with carbanions (R) and hydride (H_) as nucleophiles. A variety of oxygen 
and nitrogen nucleophiles also participate in this reaction. 


| Oxygen nucleophiles ! Nitrogen nucleophiles | 


=.. si oo M ae ae re 
OH Hö:  RÖH R- NH, RNH,  RÑH 
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Nucleophilic acyl substitution using heteroatomic nucleophiles results in the conversion of one 
carboxylic acid derivative into another, as shown in two examples. 


| nucleophile | | product | _ by-product | 
N B a { 
pom R B o + HCI 
CH; “Cl CH4 NH» 
1° amide 
ie) Ọ 
i i 
SS N + S 
Í OH CH,OH,H OCHs 5 0 
ZA 
ester 


Each reaction results in the replacement of the leaving group by the nucleophile, regardless of 
the identity of or charge on the nucleophile. To draw any nucleophilic acyl substitution product: 


e Find the sp” hybridized carbon with the leaving group. 
e Identify the nucleophile. 


èe Substitute the nucleophile for the leaving group. With a neutral nucleophile a proton 
must be lost to obtain a neutral substitution product. 


22.7B Relative Reactivity of Carboxylic Acids and Their Derivatives 


As discussed in Section 20.2B, carboxylic acids and their derivatives differ greatly in reactivity 
toward nucleophiles. The order of reactivity parallels the leaving group ability of the group Z. 


e The better the leaving group, the more reactive RCOZ is in nucleophilic acy! substitution. 


: Thus, the following trends result: 
Recall that the best leaving 


group is the weakest base. 
The relative basicity of the — 


r 3 
common leaving groups, Z, is | kaing group | -NH> 
given in Table 22.1. L y 


| 
ge) § of 2k Gk S. 
reactivity -g “NH; R `OH R“ ~oR' R“ Sg? sR R” `c 
least reactive most reactive 


easi 


a reactivity 
easing r 3 


Based on this order of reactivity, more reactive acyl compounds (acid chlorides and anhydrides) 
can be converted to less reactive ones (carboxylic acids, esters, and amides). The reverse is not 
usually true. 


To see why this is so, recall that nucleophilic addition to a carbonyl group forms a tetrahedral inter- 
mediate with two possible leaving groups, Z~ or :Nu . The group that is subsequently eliminated is 
the better of the two leaving groups. For a reaction to form a substitution product, therefore, Z~ must 
be the better leaving group, making the starting material RCOZ a more reactive acyl compound. 


wae For a reaction to occur, Z must be 
Poa D: -a better leaving group than Nu. 
Le —— R-CÇ-Z ` 
Ls z 5 
Nu two possible leaving groups 


“nucleophilic attack | 


Sample Problem 22.2 


Problem 22.9 


Learn the order of reactivity 
of carboxylic acid derivatives. 
Keeping this in mind allows you 
to organize a very large number 
of reactions. 


Problem 22.10 


Problem 22.11 


22.76 
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To evaluate whether a nucleophilic substitution reaction will occur, compare the leaving group 
ability of the incoming nucleophile and the departing leaving group, as shown in Sample 
Problem 22.2. 


Determine whether each nucleophilic acyl substitution is likely to occur. 


O O (9) Oo O 
Il 2 i il 2? Il Il 
a. Mea G Bx b. Non. By Sy 
CHs ol CH4 ~OCH;CH, C6H4 Nh, one 0 GH: 
Solution 


a. Conversion of CH3COCI to CH3;COOCH2CH; requires the substitution of Cl by OCH2CHs. 
Because CI" is a weaker base and therefore a better leaving group than “OCH2CHs, this 
reaction occurs. 

b. Conversion of CsHsCONH,; to (CgHsCO)20 requires the substitution of "NH; by “OCOCgHsg. 
Because “NH; is a stronger base and therefore a poorer leaving group than “OCOCgHs, this 
reaction does not occur. 


Without reading ahead in Chapter 22, state whether it should be possible to carry out each of the 
following nucleophilic substitution reactions. 


a. CHaCOCI ——* CH,COOH c. CH;COOCH; ——> CH,COCI 


b. CHs3CONHCH, ——> CH;COOCH; d. (CHgCO),0 —> CH,CONH, 


To summarize: 


e Nucleophilic substitution occurs when the leaving group Z is a weaker base and 
therefore better leaving group than the attacking nucleophile :Nu’. 

e More reactive acyl compounds can be converted to less reactive acyl compounds by 
nucleophilic substitution. 


Rank the compounds in each group in order of increasing reactivity in nucleophilic acyl substitution. 
a. CgHsCOOCHs, CsHsCOCI, CgHsCONH; 
b. CH3CH2COOH, (CH3CH2CO)20, CH3z3CH2CONHCH3 


Explain why trichloroacetic anhydride [(Cl;CCO),0] is more reactive than acetic anhydride 
[(CH3CO)20] in nucleophilic acyl substitution reactions. 


A Preview of Specific Reactions 


Sections 22.8—22.14 are devoted to specific examples of nucleophilic acyl substitution using 
heteroatoms as nucleophiles. There are a great many reactions, and it is easy to confuse them 
unless you learn the general order of reactivity of carboxylic acid derivatives. Keep in mind that 
every reaction that begins with an acyl starting material involves nucleophilic substitution. 


In this text, all of the nucleophilic substitution reactions are grouped according to the carboxylic 
acid derivative used as a starting material. We begin with the reactions of acid chlorides, the 
most reactive acyl compounds, then proceed to less and less reactive carboxylic acid derivatives, 
ending with amides. Acid chlorides undergo many reactions, because they have the best leaving 
group of all acyl compounds, whereas amides undergo only one reaction, which must be carried 
out under harsh reaction conditions, because amides have a poor leaving group. 
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In general, we will examine nucleophilic acyl substitution with four different nucleophiles, as 
shown in the following equations. 


_ Examples of nucleophilic Q 

| acyl substitution 26x O O 

L 6 R i ll 
| 


3C~ Cx | anhydrides | 
R — 


R fe) 
(6) 
G _ carboxylic acids | 
9 R OH EEE 
Cy 
Rz 9 — 
JSG. “esters” 
R OR’ —! 
g F ? 
-C re: e 
e R ONH, RI ~NHR' RI ONR‘, 
2 — n 
1°, 2°, or 3° amides © 


These reactions are used to make anhydrides, carboxylic acids, esters, and amides, but not acid 
chlorides, from other acyl compounds. Acid chlorides are the most reactive acyl compounds 
(they have the best leaving group), so they are not easily formed as a product of nucleophilic 
substitution reactions. They can only be prepared from carboxylic acids using special reagents, 
as discussed in Section 22.10A. 


22.8 Reactions of Acid Chlorides 


Acid chlorides readily react with nucleophiles to form nucleophilic substitution products, 
with HCI usually formed as a reaction by-product. A weak base like pyridine is added to the reac- 
tion mixture to remove this strong acid, forming an ammonium salt. 


| General reaction | Q 9 
Wa + H-Nus —~ C + H—CI 


cl Re Tnu by-product ~ 
— Nu replaces Cl. = | 
| z V cr 
N 
pyridine 


Acid chlorides react with oxygen nucleophiles to form anhydrides, carboxylic acids, and esters. 


| nucleophile | | product | 
The reaction of acid chlorides . | | 
with water is rapid. Exposure o o 
of an acid chloride to moist j it 9 9 7 . 
air on a humid day leads to mo A, È Sp OPER + C anhydrides 
E R c ; R |O R 
some hydrolysis, giving the carboxylate anion 
acid chloride a very acrid odor, fe) fe) 
due to the HCI formed as a g + H,O é | i boxie acid 
i 2 K e i mel ic ac 
by-product. [2] R Cl 2 pyridine Rl `OH + - carboxyli s 
| | N 
H Cl 
Q fe) 
i i i S 
[B] UC. + ROH á C: + |l esters 
R Cl ridine zon 
py R | OR | i 
H Cr 


Insect repellents containing 
DEET have become particularly 
popular because of the recent 
spread of many insect-borne 
diseases such as West Nile 
virus and Lyme disease. DEET 
does not kill insects—it repels 
them. It is thought that DEET 
somehow confuses insects 

so that they can no longer 
sense the warm moist air that 
surrounds a human body. 


{> Mechanism 22.2 Conversion of Acid Chlorides to Anhydrides | 


— 


per. som 
——> R-C-0-C -> Ba Gk oF BER 
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Acid chlorides also react with ammonia and 1° and 2° amines to form 1°, 2°, and 3° amides, 
respectively. Two equivalents of NH; or amine are used. One equivalent acts as a nucleophile to 
replace Cl and form the substitution product, while the second equivalent reacts as a base with 
the HCI by-product to form an ammonium salt. 


| nucleophile | | product | 
— = 
9 g 
0] Cy + NH, —— „Omm + Hel 
R el (2 equiv) R ee LNHs . NH, Cr 
1° amide 
i Peres + HCI 
[2] Cy + RINH, —— pea! , 
R Cl (2 equiv) R [Ozna] LR'NH2 pitta cr 
2° amide 
i baa s e 
3 2G. + R'.NH = Trae | 
B an i R DNR, | 


(2 equiv) 


[Ren NH, Cr 

3° amide 
As an example, reaction of an acid chloride with diethylamine forms the 3° amide N,N-diethyl-m- 
toluamide, popularly known as DEET. DEET, the active ingredient in the most widely used insect 
repellents, is effective against mosquitoes, fleas, and ticks. 


(6) 
i q 
el ae _CHsCHg 
+ H—N(CHsCH3)2 ——> | + (CH3CH2)2NH3 
CHCH; 
diethylamine = 
CH3 (excess) CHa c 
N,N-diethyl-m-toluamide 
(DEET) 


Draw the products formed when benzoyl chloride (CsHĘsCOCI) is treated with each nucleophile: 
(a) H20, pyridine; (b) CH3COO73; (c) NHg (excess); (d) (CH3)2NH (excess). 


With a carboxylate nucleophile the mechanism follows the general, two-step mechanism dis- 
cussed in Section 22.7: nucleophilic attack followed by loss of the leaving group, as shown in 
Mechanism 22.2. 


¢ In Step [1], nucleophilic addition of R'COO- 
forms a tetrahedral intermediate. 


yi H g RF Q R ¢ In Step [2], elimination of the leaving group 
tetrahedral anhydride (CI) forms the substitution product, an 
intermediate anhydride. 


| nucleophilic attack | loss of a leaving group | 
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Nucleophilic substitution with the neutral nucleophiles (H20, R'OH, NH3, and so forth) requires 
an additional step for proton transfer. For example, the reaction of an acid chloride with H,0 
as nucleophile converts an acid chloride to a carboxylic acid in three steps (Mechanism 22.3). 


{> Mechanism 22.3 Conversion of Acid Chlorides to Carboxylic Acids 


803 0: :6: 3i e In Step [1], nucleophilic attack by H2O forms 
a i+ I 
oC... = —— R-C-C: — R-CrCl: —— Cau a tetrahedral intermediate. 
HF CF m HO [2] HO: (3) at e Removal of a proton followed by elimination 
HÖ: Ga T = 2 carboxylic of the leaving group, CI" (Steps [2]-[3]), forms 
N j acid the substitution product, a carboxylic acid. 
+ ae 
H—N + Ql: 
u = 


Problem 22.13 


OCH; 


OH 


A short laboratory synthesis 

of blattellaquinone 

(Problem 22.13), the sex 
pheromone of the female 
German cockroach, opens 
new possibilities for cockroach 
population control using 
pheromone-baited traps. 


Nucleophilic substitution 
occurs only when the leaving 
group is a weaker base and 
therefore a better leaving group 
than the attacking nucleophile. 


The exact same three-step process can be written for any neutral nucleophile that reacts with 
acid chlorides. 


Draw a stepwise mechanism for the formation of A from an alcohol and acid chloride. A was 
converted in one step to blattellaquinone, the sex pheromone of the female German cockroach 


Blattella germanica. 
AL L> i JON 

Cl oO (6) 
+ — > 
A blattellaquinone 
O 


a 


pyridine 


OCH; 


22.9 Reactions of Anhydrides 


Although somewhat less reactive than acid chlorides, anhydrides nonetheless readily react with 
most nucleophiles to form substitution products. Nucleophilic substitution reactions of anhy- 
drides are no different than the reactions of other carboxylic acid derivatives, even though 
anhydrides contain two carbonyl groups. Nucleophilic attack occurs at one carbonyl group, 
while the second carbonyl becomes part of the leaving group. 


"General reaction 


by-product 


| Nu replaces RCOO. — 


22.9 Reactions of Anhydrides 879 


Anhydrides can’t be used to make acid chlorides, because RCOO' is a stronger base and 
therefore a poorer leaving group than Cl. Anhydrides can be used to make all other acyl deriva- 
tives, however. Reaction with water and alcohols yields carboxylic acids and esters, respec- 
tively. Reaction with two equivalents of NH; or amines forms 1°, 2°, and 3° amides. A molecule 
of carboxylic acid (or a carboxylate salt) is always formed as a by-product. 


[ nucleophile | product | 


fe) 
iT 
Ae. JS + HO —— SG + Cc. 
rr oR i R ‘OH | HO” R 


carboxylic acid by-product 
Oo O O 
C g + R'OH č + ( 
—__——> g i A 
R Oo R R~ TOR | HO” ~R 
ester by-product 
O O 
č č + NH C RCOO- NH,* 
N — ] 
ROR (2 equiv) R- TNH ‘ 
1° amide by-product 


Replacing NHg with a 1° or 2° amine forms a 2° or 3° amide, respectively. 


Problem 22.14 Draw the products formed when benzoic anhydride [(CsHsCO)20] is treated with each nucleophile: 
(a) H20; (b) CH3OH; (c) NH3 (excess); (d) (CH3)2NH (excess). 


The conversion of an anhydride to an amide illustrates the mechanism of nucleophilic acyl substi- 
tution with an anhydride as starting material (Mechanism 22.4). Besides the usual steps of nucleo- 
philic addition and elimination of the leaving group, an additional proton transfer is needed. 


{ò Mechanism 22.4 Conversion of an Anhydride to an Amide 


Her 70: tem. Oe age «= SS KOH Oi 
A Il :0: ? 0%5 9 Q I 
Ca C =e nG — EA C e Gu H ax 
RR m R- R RGR] oR 
iis HNI, HN: 1° amide 

H NM, + 


NH,* 


e In Step [1], nucleophilic attack by NH; forms a tetrahedral intermediate. 
e Removal of a proton followed by elimination of the leaving group, RCOO™ (Steps [2]-[3]), forms the substitution product, a 
1° amide. 


Anhydrides react with alcohols and amines with ease, so they are often used in the laboratory 
to prepare esters and amides. For example, acetic anhydride is used to prepare two analgesics, 
acetylsalicylic acid (aspirin) and acetaminophen (the active ingredient in Tylenol). 


Acetaminophen reduces 
pain and fever, but it is 
not anti-inflammatory, so 


it is ineffective in treating OH 
conditions like arthritis, which 
have a significant inflammatory OCs 


component. In large doses, COOH acetylsalicylic acid 
(aspirin) 


acetaminophen causes eon 
liver damage, so dosage il 
recommendations must be cH o CH, 


NS ~CH3 ý 
carefully followed. C acetaminophen 
— 6 (active ingredient in Tylenol) 
HO 
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22.10 


| Nucleophitic | 
| attack [2] 


Figure 22.3 


Nucleophilic acyl substitution 
reactions of carboxylic acids 


“ Acid-base 
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These are called acetylation reactions because they result in the transfer of an acetyl group, 
CH;CO-, from one heteroatom to another. 


Heroin is prepared by the acetylation of morphine, an analgesic compound isolated from the 
opium poppy. Both OH groups of morphine are readily acetylated with acetic anhydride to form 
the diester present in heroin. 


HO 


heroin 


morphine 


Reactions of Carboxylic Acids 


Carboxylic acids are strong organic acids. Because acid—base reactions proceed rapidly, any 
nucleophile that is also a strong base will react with a carboxylic acid by removing a proton first, 
before any nucleophilic substitution reaction can take place. 


| Two possible reactions of carboxylic acids 


+ H—Nu This reaction is faster with | 
many nucleophiles. | 


m 2 
ba 


= ee 


oe T 
1 a — R- 


n SH c- ii 


reaction 


An acid-base reaction (Reaction [1]) occurs with OH, NH3, and amines, all common nucleo- 
philes used in nucleophilic acyl substitution reactions. Nonetheless, carboxylic acids can be 
converted to a variety of other acyl derivatives using special reagents, with acid catalysis, or 
sometimes, by using rather forcing reaction conditions. These reactions are summarized in Fig- 
ure 22.3 and detailed in Sections 22.10A-22.10D. 


ę SOCI; q ; 
[1] Cx — pon (Section 22.10A) 
R OH R 
acid chloride 
Q fo) 
OH A f 
[2] > O (Section 22.10B) 
OH 
fe) O 
cyclic anhydride 
F ROH 
Gu —— Bo" Section 22.10C 
BI reo Ho Reor < ) 
ester 
(4) i HE i 
R “OH [2] R^ ONH? 
amide (Section 22.10D) 
(8) 
q R'NH, i 
[5] AS aa “Vn 


R OH DCC R 


22.10 Reactions of Carboxylic Acids 881 


22.10A Conversion of RCOOH to RCOCI 


Carboxylic acids can’t be converted to acid chlorides by using CT as a nucleophile, because 
the attacking nucleophile CI is a weaker base than the departing leaving group, OH. But 
carboxylic acids can be converted to acid chlorides using thionyl chloride, SOCL1,, a reagent that 
was introduced in Section 9.12 to convert alcohols to alkyl chlorides. 


= : o 
General reaction | I SOCI, o 
C — + gm + SO + HC 
ii 
| Example P 9 
Cc C 


O SoH SOCh or “cl 


This reaction converts a less reactive acyl derivative (a carboxylic acid) into a more reactive one 
(an acid chloride). This is possible because thionyl chloride converts the OH group of the acid 
into a better leaving group, and because it provides the nucleophile (CT) to displace the leaving 
group. The steps in the process are illustrated in Mechanism 22.5. 


{ò Mechanism 22.5 Conversion of Carboxylic Acids to Acid Chlorides 


Steps [1] and [2] Conversion of the OH group into a good leaving group 


e Reaction of the OH group with SOCI; forms 


Ly [1] tod [2] an intermediate that loses a proton in Step 
~4 + $=0 C2 S — + HCl ” 
Au /> ONS [2]. This two-step process converts the OH 
2 ci fia ; i i 
HN- = group into OSOCI, a good leaving group. 
Cl: good leaving group 
Steps [3] and [4] Substitution of the leaving group by Cl 
‘he a. 2D o e Nucleophilic attack by CI and loss of 
EF F [3] Qj (ae [4] Tt the leaving group (SO; + CI) forms the 
Aus —> ROO OO — > on + SO + Ch acid chloride. 
R 5 oO ea RG: 
‘Cl tetrahedral acid chloride 


intermediate 


Problem 22.95 Draw the products of each reaction. 
(6) 


R Soc _  msoce 
a. CH,CHS oH b. OH [2] (CH3CH2)2NH (excess) 


22.10B Conversion of RCOOH to (RCO), O 


Carboxylic acids cannot be readily converted to anhydrides, but dicarboxylic acids can be con- 
verted to cyclic anhydrides by heating to high temperatures. This is a dehydration reaction 
because a water molecule is lost from the diacid. 


fe) o o fe) 
oA O + HO A d O + H0O 
OH á OH 2 
(0) Q fe) (6) 
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22.10C Conversion of RCOOH to RCOOR' 


Treatment of a carboxylic acid with an alcohol in the presence of an acid catalyst forms an ester, 
This reaction is called a Fischer esterification. 


[ Fischer esterification | 9 H250, 9 
CL, + ROH =—= + HO 


ii 


This reaction is an equilibrium. According to Le Châtelier’s principle, it is driven to the right by 
using excess alcohol or by removing the water as it is formed. 


(0) ie) 
Ethyl acetate is a common I + CH-CH-OH HSO4 I + HO 
3 2 2 


: 3 —* C 
organic solvent with a CH; `OH CH; ~OCH,CH; 
characteristic odor. It is used ethyl acetate 
in nail polish remover and 

p g HS0; Q 


model airplane glue. 


C + HO 
or “OCHS ? 


methyl benzoate 


The mechanism for the Fischer esterification involves the usual two steps of nucleophilic acyl sub- 
stitution—that is, addition of a nucleophile followed by elimination of a leaving group. Because 
the reaction is acid catalyzed, however, there are additional protonation and deprotonation steps. 
As always, though, the first step of any mechanism with an oxygen-containing starting material 
and an acid is to protonate an oxygen atom as shown with a general acid HA in Mechanism 22.6. 


Lò Mechanism 22.6 Fischer Esterification—Acid-Catalyzed Conversion of Carboxylic Acids to Esters 


Part [1] Addition of the nucleophile R'OH 


ro + a Pa e Protonation in Step [1] makes the carbonyl 
Q: ii [1] COH [2] OH . [3 ON . group more electrophilic. 
ROH -— —— hoo oS Ree e Nucleophilic addition of R'OH forms a 
s SA- R'Q: tetrahedral intermediate, and loss of a 
+ H—A proton forms the neutral addition product 


(Steps [2]-[3)). 


Part [2] Elimination of the leaving group H2O 


5 A “4 aR m e Protonation of an OH group in Step [4] forms 
pi | ie SS + ae A i a good leaving group that is eliminated in 
R—C—OH =— R-C-OH, ==> pOx ke = Akia Step [5]. 
J, (4] ane) 6] R OR (6) FR OR 
a R'Q: A ester ° Loss of a proton in Step [6] forms the ester. 
+ A7 ESS + HÖ: 


+ H—A œ Only one resonance structure is drawn for 
l loss of H2O the resonance-stabilized cations formed in 
Steps [1] and [5]. 


Esterification of a carboxylic acid occurs in the presence of acid but not in the presence of 
base. Base removes a proton from the carboxylic acid, forming a carboxylate anion, which does 
not react with an electron-rich nucleophile. 


Both species are electron rich. 


m e H k 

[l I! R'OH ll 

CSET jee Ce p si 
RI Shi + 7H —~+ R CG: >> ROR 

t + 
; = H20: 

-OH acts as a base, ae 

i not a nucleophile. 


:0: 


Problem 22.16 


Problem 22.17 


Problem 22.18 


22.10D 


Amides are much more easily 
prepared from acid chlorides 
and anhydrides, as discussed 
in Sections 22.8 and 22.9. 


22.10 Reactions of Carboxylic Acids 883 


Intramolecular esterification of y- and 6-hydroxy carboxylic acids forms five- and six-membered 
lactones. 


fe) o 0) 0) 
OH HS0, OH H250, (0) 
apni O + HO aag + HO 
OH 
OH 


y carbon y-lactone ô carbon 6-lactone 


Draw the products of each reaction, 


COOH 
ingles CH3CH OH NaOCHs 
a. COOH —————+> ê, 


COOH o 
ANS Noh HS0, 
b k HS O, d. H [@) OH — 


Draw the products formed when benzoic acid (CsHs;COOH) is treated with CH3OH having its O atom 
labeled with 180 (CH3'°OH). Indicate where the labeled oxygen atom resides in the products. 


Draw a stepwise mechanism for the following reaction. 


19) 
HSO 10) 
ia aa edt 5 + HO 


Conversion of RCOOH to RCONR', 


The direct conversion of a carboxylic acid to an amide with NH; or an amine is very difficult, even 
though a more reactive acyl compound is being transformed into a less reactive one. The problem 
is that carboxylic acids are strong organic acids and NH; and amines are bases, so they undergo 
an acid-base reaction to form an ammonium salt before any nucleophilic substitution occurs. 


(0) (@) O 
I 71 I A fl 
wes, + Wis Ze. pce + H20 
R O-H [1] R O- NH,* [2] R NH3 
acid base ammonium salt of a 1° amide 


carboxylate anion 


| acid-base reaction dehydration 


Heating at high temperature (>100 °C) dehydrates the resulting ammonium salt of the carboxylate 
anion to form an amide, though the yield can be low. 


Therefore, the overall conversion of RCOOH to RCONH, requires two steps: 


[1] Acid—base reaction of RCOOH with NH; to form an ammonium salt 
[2] Dehydration at high temperature (>100 °C) 


O 
ll Il 


Cc Cc 
SOH = [1] NH3 “NH k ie 
[2] A ? 
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A carboxylic acid and an amine readily react to form an amide in the presence of an additional 
reagent, dicyclohexylcarbodiimide (DCC), which is converted to the by-product dicyclohexyl- 
urea in the course of the reaction. 


Amide formation | Q i 
| using DCC a + R'NH, —~> RO NHR’ 


Dj c= n Y Os Je has been added, 


dicyclohexylcarbodiimide 
DCC M... 
a dehydrating agent 


DCC is a dehydrating agent. The dicyclohexylurea by-product is formed by adding the ele- 
ments of H,O to DCC. DCC promotes amide formation by converting the carboxy OH group 
into a better leaving group. 


: : o o 
Example jl DCC il (0) 
es Mx + CH,NH, => pon + 

CH,CH; `OH CH,CH; ~NHCHg aig 


H H 


The mechanism consists of two parts: [1] conversion of the OH group into a better leaving group, 
followed by [2] addition of the nucleophile and loss of the leaving group to form the product 
of nucleophilic acyl substitution (Mechanism 22.7). 


e Mechanism 22.7 Conversion of Carboxylic Acids to Amides with DCC 


Part [1] Conversion of OH into a better leaving group 
e The first part of the mechanism 
f ae ss, 4s consists of two steps that 
N [1] T pi 2 oN convert the carboxy OH group 
R^ OH Be 7” into a better leaving group. 
ii proton | e This process activates the 
transfer 
carboxy group towards 


‘ND R Q $ , 
o nucleophilic attack in Part [2]. 


Part [2] Addition of the nucleophile and loss of the leaving group 


) 


ne gC Gun B 


Ta T e In Steps [3] and [4], nucleophilic 
LEM w. ‘a . NA attack of the amine on the 


An. + 6=c¢ x 
: T R~~NHR' HTN activated carboxy group 


R'NH, 


:NH followed by elimination of 
dicyclohexylurea as the leaving 
group, forms the amide. 


| nucleophilic attack ‘proton transfer | j 
; : and elimination — leaving group 


t 


Problem 22.19 


22.11 


22.11 Reactions of Esters 885 


The reaction of an acid and an amine with DCC is often used in the laboratory to form the amide 
bond in peptides, as is discussed in Chapter 29. 


What product is formed when acetic acid is treated with each reagent: (a) CHNH3; (b) CH3NHao, 
then heat; (c) CH3NHz + DCC? 


Reactions of Esters 


Esters can be converted into carboxylic acids and amides. 


e Esters are hydrolyzed with water in the presence of either acid or base to form 
carboxylic acids or carboxylate anions. 


| Ester hydrolysis i H,O i i + ROH 
F sen E ‘S or “eS 
R ~OR' (Htor-OH) R° OH 
carboxylic acid carboxylate 
(in acid) anion 
(in base) 
e Esters react with NH3 and amines to form 1°, 2°, or 3° amides. 
| Reaction with nitrogen fe) a oO fe) 9 
| il il ll | 
nucleophiles oom Eon wy Tom er LC. + ROH 
R OR' R NH3 R NHR" R NR", 
(with NH3) (with R'NH3) (with R"3NH) 
1° amide 2° amide 3° amide 


22.11A 


The first step in acid-catalyzed 
ester hydrolysis is protonation 
on oxygen, the same first step 
of any mechanism involving 

an oxygen-containing starting 
material and an acid. 


Ester Hydrolysis in Aqueous Acid 


The hydrolysis of esters in aqueous acid is a reversible equilibrium reaction that is driven to the 
right by using a large excess of water. 


Q H250, ? 
Cy HO ==> pes + CHCH OH 
CH% ~OCH,CH, CH4 `OH 


The mechanism of ester hydrolysis in acid (shown in Mechanism 22.8) is the reverse of the 
mechanism of ester synthesis from carboxylic acids (Mechanism 22.6). Thus, the mechanism 
consists of the addition of the nucleophile and the elimination of the leaving group, the two steps 
common to all nucleophilic acyl substitutions, as well as several proton transfers, because the 
reaction is acid-catalyzed. 
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{ò Mechanism 22.8 Acid-Catalyzed Hydrolysis of an Ester to a Carboxylic Acid 


Part [1] Addition of the nucleophile H2O 


CES + m a e Protonation in Step [1] makes the carbonyl 
ct H=A gor pa . ‘OH Zz group more electrophilic. 
RGR a RGR “a R- eA a) Ae ee e Nucleophilic addition of H2O forms a 
HÖ: HOS, a OH tetrahedral intermediate, and loss of a proton 
+ tA | — A + H—A forms the neutral addition product (Steps 
| nucleophilic addition | [2]-[3)). 


Part [2] Elimination of the leaving group R'OH 


YN F e Protonation of the OR' group in Step [4] forms 
:0H lied į Fi CGH : [5] ae - A 6] 0: a good leaving group (R'OH) that is 
a < n—o—OR =— oo. = a eliminated in Step [5]. 
OH i :OH H + OH R QH e Loss of a proton in Step [6] forms the 
À * th R'OH carboxylic carboxylic acid. 


acid 


| loss of R'OH + H—A 


22.11B Ester Hydrolysis in Aqueous Base 


Esters are hydrolyzed in aqueous base to form carboxylate anions. Basic hydrolysis of an ester 


The word saponification is called saponification. 


comes from the Latin sapo 
meaning soap. Soap is fe) oO 
prepared by hydrolyzing esters g ll 


Cc 
in fats with aqueous base, as “OCH; -OH or + CHOH 
explained in Section 22.12B. H20 a 
carboxylate anion 


The mechanism for this reaction has the usual two steps of the general mechanism for nucleo- 
philic acyl substitution presented in Section 22.7—addition of the nucleophile followed by loss 
of a leaving group—plus an additional step involving proton transfer (Mechanism 22.9). 


{ ra Š Mechanism 22.9 Base-Promoted Hydrolysis of an Ester to a Carboxylic Acid 


:0: 03 :0: :0: 

ai? u On ea 8 [3] 9 
Lx, = R-COR == Of) a =—* aye. 
R7 QR we R Q-H + :OR' R Q: 
w S :OH S = 
:ÖH ès carboxylate 
i tetrahedral anion | 

intermediate + R'OH 


` loss of R'O- | proton transfer | 
i | 


e Steps [1] and [2] result in addition of the nucleophile, “OH, followed by elimination of the leaving group, OR'. These 
two steps, which form the carboxylic acid, are reversible, because the stability of the reactants and products is comparable. 


e Next, the carboxylic acid is a strong organic acid and the leaving group (‘OR’) is a strong base, so an acid-base reaction 
occurs in Step [3] to form the carboxylate anion. 


r 
_ nucleophilic addition 


22.12 Application: Lipid Hydrolysis 887 


The carboxylate anion is resonance stabilized, and this drives the equilibrium in its favor. Once 
the reaction is complete and the carboxylate anion is formed, it can be protonated with strong 
acid to form the neutral carboxylic acid. 


208 0: 70: ʻO: 
Hydrolysis is base promoted, I -OH Il l strong lI pmr 
not base catalyzed, because n HOR H-O a Br ao: acid AGH t RO} i 
the base (“OH) is the nucleophile / i j resonance-stabilized anion ii k 
that adds to the ester and This bond | O NT mes from “OH. | 
forms part of the product. It is cleaved. [aie 
participates in the reaction and 
is not regenerated later. Where do the oxygen atoms in the product come from? The C—OR' bond in the ester is cleaved, 


so the OR' group becomes the alcohol by-product (R'OH) and one of the oxygens in the carboxyl- 
ate anion product comes from “OH (the nucleophile). 

Problem 22.20 Sunscreens that contain esters can slowly degrade over time because the ester can be hydrolyzed. 
Draw the products formed when each commercial sunscreen undergoes hydrolysis with [1] HsO* or 
[2] H20, “OH. 


O O 
SS O NENAS le a aaa aia 


a. J b. 
CH0 OH 


octinoxate ; 
octy! salicylate 


Problem 22.21 What product is formed when the esters in ginkgolide B, the chapter-opening molecule, are 
hydrolyzed in aqueous acid? Indicate the stereochemistry of all stereogenic centers. 


ginkgolide B 


22.12 Application: Lipid Hydrolysis 
22.12A Olestra—A Synthetic Fat 


The most prevalent naturally occurring esters are the triacylglycerols, which were first discussed 
in Section 10.6. Triacylglycerols are the lipids that comprise animal fats and vegetable oils. 


e Each triacylglycerol is a triester, containing three long hydrocarbon side chains. 


e Unsaturated triacylglycerols have one or more double bonds in their long hydrocarbon 
chains, whereas saturated triacylglycerols have none. 


ok R groups have 11-19 C’s. 
R' [Three ester groups are labeled in red.] 


R" 
(8) 
triacylglycerol 
the most common type of lipid 


(e) 
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Figure 2? 4 a “a 4 + 4 4 a 
The three-dimensional P € o¢ e és é @ > $ 
structure of a saturated EJ is 3 x s P + 
triacylglycerol . í 4 
yiglycero 98a 868 ceseete® 
Ji 5 4 3 i a 
s OF 
` & 
al ~ j ? oe ® a 
= P] < á s 


e This triacylglycerol has no double bonds in the three R groups (each with 11 C’s) bonded to the 
ester carbonyls, making it a saturated fat. 


Figure 22.4 contains a ball-and-stick model of a saturated fat. 


Animals store energy in the form of triacylglycerols, kept in a layer of fat cells below the surface 
of the skin. This fat serves to insulate the organism, as well as provide energy for its metabolic 
needs for long periods. The first step in the metabolism of a triacylglycerol is hydrolysis of the 
ester bonds to form glycerol and three fatty acids. This reaction is simply ester hydrolysis. In 
cells, this reaction is carried out with enzymes called lipases. 


J 
oO R OH 
fe) O (0) O 
H2O I i i 
O es OH + ww + Je. i + “SN Dt 
Ri lipase HO R HO R HO R 
O, R" OH | Three fatty acids containing | 
y glycerol | 12-20 C’s are formed as products. | 
triacylglycerol 


[The three bonds drawn in red are cleaved in hydrolysis. ] 


The fatty acids produced on hydrolysis are then oxidized in a stepwise fashion, ultimately yield- 
ing CO; and H,O, as well as a great deal of energy. Oxidation of fatty acids yields twice as much 
energy per gram as oxidation of an equivalent weight of carbohydrate. 


Diets high in fat content lead to a large amount of stored fat, ultimately causing an individual to 
be overweight. One recent attempt to reduce calories in common snack foods has been to substi- 
tute “fake fats” such as olestra (trade name: Olean) for triacylglycerols. 


| Olestra | 


RCO; RCO, ACO. xy 
=g p X 3-D structure of olestra 
RCO," po ae 
A 4 3 = ar 
RCO, OCR 2 A s é 5 a7 d 24 
a polyester of sucrose ee af ye ~ 4 è% ? p” 
a synthetic fat % è, é F an 
[R groups contain 11-19 C's] d i 


ia 2 y ea 
n $ £ é A es ' A y at ‘a E 
Sa 2 E N a 
li kal J” es 5 

Some snack foods contain -A s$. 2 a XS, 
the “fake fat” olestra, i < = D ay, 
giving them fewer calories “et = = 
for the calorie-conscious “ ae š | The ester groups are so crowded that 
consumer. . | hydrolysis does not readily take place. | 


sucrose 
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Olestra is a polyester formed from long-chain fatty acids and sucrose, the sweet-tasting 
carbohydrate in table sugar. Naturally occurring triacylglycerols are also polyesters formed from 
long-chain fatty acids, but olestra has so many ester units clustered together in close proximity 
that they are too hindered to be hydrolyzed. As a result, olestra is not metabolized. Instead, it 
passes through the body unchanged, providing no calories to the consumer. 


Thus, olestra’s many C-C and C-H bonds make it similar in solubility to naturally occurring 
triacylglycerols, but its three-dimensional structure makes it inert to hydrolysis because of steric 
hindrance. 


Problem 22.22 How would you synthesize olestra from sucrose? 


22.12B The Synthesis of Soap 


Soap is prepared by the basic hydrolysis or saponification of a triacylglycerol. Heating 
an animal fat or vegetable oil with aqueous base hydrolyzes the three esters to form glycerol 
and sodium salts of three fatty acids. These carboxylate salts are soaps, which clean away dirt 
because of their two structurally different regions. The nonpolar tail dissolves grease and oil and 
the polar head makes it soluble in water (Figure 3.6). Most triacylglycerols have two or three 
different R groups in their hydrocarbon chains, so soaps are usually mixtures of two or three dif- 
ferent carboxylate salts. 


fe) = 
JL | Soaps—Salts of long-chain fatty acids 


Soap has been previously 
discussed in Section 3.6. 


@) R OH 
NaOH Q ? 9 
oO OH + pin, + mu T ACi 
R H2O Na* -O R Nat -O R Nat -O R 
ie) R" OH 
y glycerol For example: o 
ii ingen NTT ee 
All soaps are salts of fatty Na* O 
acids. The main difference i j = 
between soaps is the addition | polar head | nonpolar tail | 
of other ingredients that do not aoe a = — j 
alter their cleaning properties: è 
dyes for color, scents for a Nat @ 9 é a$ B sat é oh a 
pleasing odor, and oils for # # # # # f é 3 


lubrication. Soaps that float are 3-D structure 
aerated so that they are less 
dense than water. 


Soaps are typically made from lard (from hogs), tallow (from cattle or sheep), coconut oil, or 
palm oil. All soaps work in the same way, but have somewhat different properties depending on 
the lipid source. The length of the carbon chain in the fatty acids and the number of degrees of 
unsaturation affect the properties of the soap to some extent. 

Problem 22.23 What is the composition of the soap prepared by hydrolysis of this triacylglycerol? 
CH,OCO(CH;),.CH, 

CHOCO(CH3)15CH3 


CH2OCO(CH2)CH=CH(CH2)7CH3 
cis 
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22.13 


Reactions of Amides 


Because amides have the poorest leaving group of all the carboxylic acid derivatives, they are the 
least reactive. Under strenuous reaction conditions, amides are hydrolyzed in acid or base to 
form carboxylic acids or carboxylate anions. 


| Amide hydrolysis Ht i + 
C + RNH3 


a) aa 
i HO R OH 
RNR‘, -OH Q 
R' = H or alkyl pr So + R'3NH 


In acid, the amine by-product is protonated as an ammonium ion, whereas in base, a neutral 
amine is formed. 


| O 


Examples | 


O=O 


H30* i 
ATN, ——S A 
CH3 NH, CH% `OH 


+ NH# 


=0 


? 
C C 
“yHcH, —"O “O- + CHgNH, 
-OH 


The relative lack of reactivity of the amide bond is notable in proteins, which are polymers of 
amino acids connected by amide linkages (Section 22.6B). Proteins are stable in aqueous solution 
in the absence of acid or base, so they can perform their various functions in the aqueous cellular 
environment without breaking down. The hydrolysis of the amide bonds in proteins requires a 
variety of specific enzymes. 


The mechanism of amide hydrolysis in acid is exactly the same as the mechanism of ester hydro- 
lysis in acid (Section 22.11A) except that the leaving group is different. 


The mechanism of amide hydrolysis in base has the usual two steps of the general mechanism 
for nucleophilic acyl substitution—addition of the nucleophile followed by loss of a leaving 
group—plus an additional proton transfer. The initially formed carboxylic acid reacts further 
under basic conditions to form the resonance-stabilized carboxylate anion, and this drives the 
reaction to completion. Mechanism 22.10 is written for a 1° amide. 


ey Mechanism 22.10 Amide Hydrolysis in Base 


poi i] cö: [2] ae [3] 10 e Steps [1] and [2] result in addition of 
Ze... R-CSNH, = Oua N; —> Ene the nucleophile, “OH, followed by 
By NA ‘OH R Q-H Nh R Q: elimination of the leaving group, 
‘OH tetrahedral + NHg NH2. 
intermediate e Because the carboxylic acid is a 


| nucleophilic addition ] 


strong organic acid and the leaving 
group (NH3) is a strong base, an 
acid-base reaction occurs in Step 
[3] to form the carboxylate anion. 


| loss of "NH proton transfer 


Step [2] of Mechanism 22.10 deserves additional comment. For amide hydrolysis to occur, the 
tetrahedral intermediate must lose NH, a stronger base and therefore poorer leaving group 
than “OH (Step [2]). This means that loss of NH, does not often happen. Instead, “OH is lost as 
the leaving group most of the time, and the starting material is regenerated. But, when “NH; is 
occasionally eliminated, the carboxylic acid product is converted to a lower energy carboxylate 
anion in Step [3], and this drives the equilibrium to favor its formation. 


Problem 22.24 


Problem 22.25 


22.14 


active enzyme » enzyme » inactive enzyme 
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Draw a stepwise mechanism for the following reaction. 
O 


Oo 
poe oe 
-O NH3 


-OH 


With reference to the structures of acetylsalicylic acid (aspirin, Chapter 2 opening molecule) and 
acetaminophen (the active ingredient in Tylenol), explain each statement: (a) Acetaminophen 
tablets can be stored in the medicine cabinet for years, but aspirin slowly decomposes over time; 
(b) Children’s Tylenol can be sold as a liquid (acetaminophen dissolved in water), but aspirin cannot. 


H 
O, _ „CH NUCH 
‘¢ 3 ~ ç 3 
te) (8) 
COOH HO 


acetylsalicylic acid acetaminophen 


Application: The Mechanism of Action 
of B-Lactam Antibiotics 


Penicillin and related B-lactams kill bacteria by a nucleophilic acyl substitution reaction. All 
penicillins have an unreactive amide side chain and a very reactive amide that is part of a 
B-lactam. The B-lactam is more reactive than other amides because it is part of a strained, four- 
membered ring that is readily opened with nucleophiles. 


a “regular” amide 


COOH 
a strained amide 
penicillin 


Unlike mammalian cells, bacterial cells are surrounded by a fairly rigid cell wall, which allows 
the bacterium to live in many different environments. This protective cell wall is composed of 
carbohydrates linked together by peptide chains containing amide linkages, formed using the 
enzyme glycopeptide transpeptidase. 


Penicillin interferes with the synthesis of the bacterial cell wall. A nucleophilic OH group of 
the glycopeptide transpeptidase enzyme cleaves the B-lactam ring of penicillin by a nucleophilic 
acyl substitution reaction. The opened ring of the penicillin molecule remains covalently bonded 
to the enzyme, thus deactivating the enzyme, halting cell wall construction, and killing the bac- 
terium. Penicillin has no effect on mammalian cells because they are surrounded by a flexible 
membrane composed of a lipid bilayer (Chapter 3) and not a cell wall. 


opening of the 
B-lactam ring 


nucleophilic attack 


ao Repne ag 
ooo 
proton (Spy 
transfer %0: ki 
a= 


ÖH” COOH me COOH 


The enzyme is now inactive. 
Cell wall construction stops. 


892 Chapter 22 Carboxylic Acids and Their Derivatives—Nucleophilic Acyl Substitution 


Thus, penicillin and other B-lactam antibiotics are biologically active precisely because they 
undergo a nucleophilic acyl substitution reaction with an important bacterial enzyme. 


Problem 22.26 Some penicillins cannot be administered orally because their B-lactam is rapidly hydrolyzed by the 
acidic environment of the stomach. What product is formed in the following hydrolysis reaction? 


HHH 
se = 2S H,0* 
—_—_—— > 
(6) - 


COOH 


22.15 Summary of Nucleophilic Acyl Substitution Reactions 


To help you organize and remember all of the nucleophilic acyl substitution reactions that can 
occur at a carbonyl carbon, keep in mind the following two principles: 


ə The better the leaving group, the more reactive the carboxylic acid derivative. 


e More reactive acyl compounds can always be converted to less reactive ones. The 
reverse is not usually true. 


This results in the following order of reactivity: 
RCONR', RCOOH = RCOOR' (RCO).0 RCOCI 
Increas 


Table 22.5 summarizes the specific nucleophilic acyl substitution reactions. Use it as a quick 
reference to remind you which products can be formed from a given starting material. 


Table 22.5 Summary of the Nucleophilic Substitution Reactions of Carboxylic Ac 
and Their Derivatives 


| Product 
| Starting | | 


_ material RCOCI (RCO),0 RCOOH RCOOR' RCONR', 
[JRCOCL > - 7 4 ff g 
[2] (RCOO > XxX s / J 
[B] RCOOH > Vv if = J F 4 
[4)RCOOR' > x x %4 = iv 
[5] RCONR'; > Xx x / x - 


Table key: v = A reaction occurs. 
X = No reaction occurs. 
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22.16 Natural and Synthetic Fibers 


All natural and synthetic fibers are high molecular weight polymers. Natural fibers are obtained 
from either plant or animal sources, and this determines the fundamental nature of their chemical 
structure. Fibers like wool and silk obtained from animals are proteins, and so they are formed 
from amino acids joined together by many amide linkages. Cotton and linen, on the other hand, 
are derived from plants and so they are carbohydrates having the general structure of cellulose, 
formed from glucose monomers. General structures for these polymers are shown in Figure 22.5. 


Figure 22.5 | Wool and silk—Proteins with many amide bonds | 


The general structure of the 


common natural fibers nA Ar A A WA AN 


Cotton and ———— like cellulose | 


An important practical application of organic chemistry has been the synthesis of synthetic fibers, 
many of which have properties that are different from and sometimes superior to their naturally 
occurring counterparts. The two most common classes of synthetic polymers are based on poly- 
amides and polyesters. 


R groups contain C, H, and functional 
groups like NHz, COOH, OH, and SH. 


Nylon—A Polyamide 


The search for a synthetic fiber led to the discovery of nylon, a polyamide that is strong and 
durable and resembles the silk produced by silkworms. There are several different kinds of 
nylon, but the most well known is called nylon 6,6. 


H Q H 1) 


H oO 
[The amide bonds are labeled in red.] 


nylon 6,6 


Nylon 6,6 can be synthesized from two six-carbon monomers (hence its name)—adipoyl chloride 
(CIOCCH,CH,CH,CH,COC)) and hexamethylenediamine (H,NCH,CH,CH,CH,CH,CH,NH)). 
This diacid chloride and diamine react together to form new amide bonds, yielding the polymer. 
rem Tu = Nylon is called a condensation polymer because a small molecule, in this case HCI, is elimi- 
DuPont built the first nated during its synthesis. 


commercial nylon plant in o o 
1938. Although it was initially HN Cl. HN Cl 
used by the military to make ae SNH + CI PIE Da el eH P Cj 


parachutes, nylon quickly oO | fe] 
replaced silk in many common =a 

clothing articles after World TE E 

War II. a 


Three new amide bonds are shown. 


waa Mf 


nylon 6,6 
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Problem 22.27 What two monomers are needed to prepare nylon 6,10? 


0 oO 
N N ; 
d SSAA AAAS Bg Sg Sg SN 
H H 
(6) O 
nylon 6,10 


22.16B_ Polyesters 


Polyesters constitute a second major class of condensation polymers. The most common poly- 
ester is polyethylene terephthalate (PET), which is sold under a variety of trade names (Dacron, 
Terylene, and Mylar) depending on its use. 


Polyethylene terephthalate 
PET 


SS O (Dacron, Terylene, and Mylar) 
y- \— O oO 
ó b o O w, 
— "pT, / 
(6) O E 
oO 
Ester bonds (in red) join the carbon skeleton together. 


One method of synthesizing a polyester is by acid-catalyzed esterification of a diacid with a diol 
(Fischer esterification). 


HO O 
Synthesis of PET 
r< pk + yg ern «— two monomers needed 
oO OH 


As we will learn in Section 31.9, 
PET is more easily recycled terephthalic acid ethylene glycol 
than other common polymers. 
For example, recycled PET 

is used to make reusable 
shopping bags. 


for PET synthesis 


acid catalyst 


+ 3H,0 


Three new ester bonds are shown. 


Because these polymers are easily and cheaply prepared and form strong and chemically stable 
materials, they have been used in clothing, films, tires, and many other products. 


Problem 22.28 Draw the structure of Kodel, a polyester formed from 1,4-dihydroxymethylcyclohexane and 
terephthalic acid. Explain why fabrics made from Kodel are stiff and crease resistant. 


OH 
ri + Hooc—{ cook 
HO 
1,4-dihydroxymethylcyclohexane terephthalic acid 


Problem 22.29  Poly(lactic acid) (PLA) has received much recent attention because the lactic acid monomer 
[CH3CH(OH)COOH] from which it is made can be obtained from carbohydrates rather than 
petroleum. This makes PLA a more “environmentally friendly” polyester. (A more in-depth 
discussion of green polymer synthesis is presented in Section 31.8.) Draw the structure of PLA. 
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22.17 Biological Acylation Reactions 


Nucleophilic acyl substitution is a common reaction in biological systems. These acylation reac- 
tions are called acyl transfer reactions because they result in the transfer of an acyl group from 
one atom to another (from Z to Nu in this case). 


ETE transfer R Nur Q 
ETE “a 8 afl * 


The acyl group is transferred from Z to Nu. 


In cells, such acylations occur with the sulfur analogue of an ester, called a thioester, having 
the general structure RCOSR'. The most common thioester is called acetyl coenzyme A, often 
referred to merely as acetyl CoA. 


SR' group—the leaving group 


NH3 
oO HO 
i | PO SS. 9 9 ae 
oe cS en ee a a whe 
i - - O 
thioester acetyl 10) (8) (0) O 
group acetyl coenzyme A H 
or 
acetyl CoA = OH 
ee 
F oO 
A, 
CH; SCoA 


abbreviated structure 


e A thioester (RCOSR’) has a good leaving group (‘SR’), so, like other acyl compounds, it 
undergoes substitution reactions with other nucleophiles. 


An acyl transfer reaction R = dN i + “BCoA 
of a thioester | - i | Nyu —> Z ‘Nu | “SCo 
CH3 SCoA CH3 | u leaving 


group 


The acetyl group is transferred from SCoA to Nu. 


For example, acetyl CoA undergoes enzyme-catalyzed nucleophilic acyl substitution with cho- 
line, forming acetylcholine, a charged compound that transmits nerve impulses between nerve 
cells. 
2 CH3 
cHs“$SCoA | 4 HOCH,CH,—N“CH, 


~ l 
CH, | 
acetyl CoA choline acyl transfer 
reaction = 
acetylcholine 


(neurotransmitter) 
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Many other acyl transfer reactions are important cellular processes. Thioesters of fatty acids react 
with cholesterol, forming cholesteryl esters in an enzyme-catalyzed reaction (Figure 22.6). These 
esters are the principal form in which cholesterol is stored and transported in the body. Because 
cholesterol is a lipid, insoluble in the aqueous environment of the blood, it travels through the 
bloodstream in particles that also contain proteins and phospholipids. These particles are classi- 
fied by their density. 


e LDL particles (low density lipoproteins) transport cholesterol from the liver to the tissues, 


¢ HDL particles (high density lipoproteins) transport cholesterol from the tissues back to the 
liver, where it is metabolized or converted to other steroids. 


Atherosclerosis is a disease that results from the buildup of fatty deposits on the walls of arteries, 
forming deposits called plaque. Plaque is composed largely of the cholesterol (esterified as an 
ester) of LDL particles. LDL is often referred to as “bad cholesterol” for this reason. In contrast, 
HDL particles are called “good cholesterol” because they reduce the amount of cholesterol in the 
bloodstream by transporting it back to the liver. 


Figure 22.6 
Cholesteryl esters and 
lipoprotein particles (0) 


Oa H 


thioester of a fatty acid 


cholesterol 


HO 


| acyl transfer reaction | [enzyme 


cholesteryl ester 


phospholipid 
cholesteryl 
ester 


red blood cell 


atherosclerotic 


unesterified plaque 


cholesterol Plaque, deposited on the inside wall of an artery, 
lipoprotein particle is composed largely of cholesterol and its esters. 


Problem 22.30 


22.18 


Letrozole and anastrozole are 
called aromatase inhibitors 
because they block the 
activity of the aromatase 
enzyme, which is responsible 
for estrogen synthesis. This 
inhibits tumor growth in those 
forms of breast cancer that are 
stimulated by estrogen. 
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Glucosamine is a dietary supplement available in many over-the-counter treatments for 
osteoarthritis. Reaction of acetyl CoA with glucosamine forms NAG, N-acetylglucosamine, the 
monomer used to form chitin, the carbohydrate that forms the rigid shells of lobsters and crabs. 
What is the structure of NAG? 


(0) 
I 


een 


CH; ~SCoA 


glucosamine 


Nitriles 


We end Chapter 22 with the chemistry of nitriles (RC=N). Nitriles have a carbon atom in the 
same oxidation state as in the acyl compounds that are the principal focus of Chapter 22. More- 
over, the chemical reactions of nitriles illustrate some of the concepts first discussed earlier in 
Chapter 22 and in Chapters 20 and 21. 


In addition to the cyanohydrins discussed in Section 21.9, two useful biologically active nitriles 
are letrozole and anastrozole, new drugs that reduce the recurrence of breast cancer in women 
whose tumors are estrogen positive. 


orc eL a 
NC CN 


Generic name: anastrozole 
Trade name: Arimidex 


Generic name: letrozole 
Trade name: Femara 


Nitriles are readily prepared by Sy2 substitution reactions of unhindered methyl and 1° alkyl 
halides with “CN. This reaction adds one carbon to the alkyl halide and forms a new carbon- 
carbon bond. 


General reaction R-X + ‘<C=N: -a-z R—-C=N: +X 
Se Sy2 t 
new C-C bond 
“AN > + =N: A 
Example CHs Ol + CSN: Se CH;-C=N: + Cl 


Because nitriles have no leaving group, they do not undergo nucleophilic substitution reactions 
like carboxylic acid derivatives. Because the cyano group contains an electrophilic carbon atom 
that is part of a multiple bond, a nitrile reacts with nucleophiles by a nucleophilic addition reac- 
tion. The nature of the nucleophile determines the structure of the product. 


electrophilic carbon 


\or 
R—CEN: 


Nucleophiles attack here. 
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22.18A 


Recall from Chapter 11 that 
tautomers are constitutional 
isomers that differ in the 
location of a double bond and 
a proton. 


The reactions of nitriles with water, hydride, and organometallic reagents as nucleophiles are as 
follows: 


te) (0) 
HO il I ae ee 
1] R-C=N ——— 
[1] aro aon or ro _ hydrolysis | 
carboxylic acid carboxylate anion 
[1] LiAIH, R—CHNE 
[2] H2O ataa i = 
[2] R—-C=N 5 | reduction | 
[1] DIBAL-H jil 
[2] HzO RCH 
aldehyde 
[1] R'MgX or R'Li Q E 
[3] R-C=N — IOn | reactlon with R'-M 
[2] H2O R R' -— -- — 
ketone 


Hydrolysis of Nitriles 


Nitriles are hydrolyzed with water in the presence of acid or base to yield carboxylic acids or 
carboxylate anions. In this reaction, the three C—N bonds are replaced by three C—O bonds. 


| Hydrolysis of nitriles . H2O rf 9 
L R-C=N =S or C 


pO ie 
(H* or“OH) = R™ `OH R O 
carboxylic acid carboxylate anion 
(with acid) (with base) 
| Examples | H20, H+ ? 
Lanes CHs-C=N ees om 
CH, OH 


rf 
“ C 
( \-c=n H20, “OH or Si 


The mechanism of this reaction involves the formation of an amide tautomer. Two tautomers can 
be drawn for any carbonyl compound, and those for a 1° amide are as follows: 


Amide tautomers | oH o 
Í -OH or H+ 1 ———— 
PRG ge pcm \H _ more stable form | 
R NH R N —— 
H 
e C=N .C=0 
* O—H bond + N—H bond 
imidic acid tautomer amide tautomer 


¢ The amide form is the more stable tautomer, having a C=O and an N-H bond. 
e The imidic acid tautomer is the less stable form, having a C=N and an O-H bond. 


Recall from Chapter 11 that 
the keto and enol tautomers 

of a carbonyl compound are in 
equilibrium, but the keto form 
is lower in energy, so it is highly 
favored in most cases. 


CA Mechanism 22.11 
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The imidic acid and amide tautomers are interconverted by treating with acid or base, analogous 
to the keto-enol tautomers of other carbonyl compounds. In fact, the two amide tautomers are 
exactly the same as keto—enol tautomers except that a nitrogen atom replaces a carbon atom 
bonded to the carbonyl group. 


Ketone tautomers NH 
(Section 11.9) 0 J -OH or H+ ed \ 
pet —— = Cc H | more stable form 


Rl SCH, R^ CH; 
*C=C «C=0 
* O-H bond e C-H bond 
enol tautomer keto tautomer 


The mechanism of nitrile hydrolysis in both acid and base consists of three parts: [1] nucleophilic 
addition of H,O or `OH to form the imidic acid tautomer; [2] tautomerization to form the 
amide, and [3] hydrolysis of the amide to form RCOOH or RCOO’. The mechanism is shown 
for the basic hydrolysis of RCN to RCOO™ (Mechanism 22.11). 


Hydrolysis of a Nitrile in Base | 


Part [1] Addition of the nucleophile (OH) to form an imidic acid 


go mo 4 HÖH g HË 
R-C=N: ——+ _Cy af i Or + “ÖH e Nucleophilic attack of “OH followed by 
RN R NH protonation forms an imidic acid. 
| nucleophilic addition | imide acie 
Part [2] Tautomerization of the imidic acid to an amide 
7H" 36H 0% 6 ~H°GH Ki 
JOS — ON +— Le k C2. + “ÖH ° Tautomerization occurs by a two-step 
R° “NH [S] R “NH R NH [4] R NH sequence — deprotonation followed by 
resonance-stabilized anion amide protonation. 


+ HÖ: 


Part [3] Hydrolysis of the 1° amide to a carboxylate anion 


oT H20, “OH 
— 
R^ “NH, several steps 


amide (Section 22.13) 


Problem 22.31 


Problem 22.32 


O: 
il a j i 
Co + Ñh e Conversion of the amide to the carboxylate 


RF oO: anion occurs by the multistep sequence 


carboxylate detailed in Section 22.13. 


anion 


Draw the products of each reaction. 


NaCN H20, “OH 
———_ 


a. CH3CH,CH,—Br > G ae ag 


N O OH 
b. Cr H20, H* 
CN 


Draw a tautomer of each compound. 


ie) NH 


(0) 
È b pae S e 
a. p r C. oN 
CH% ~NH> NHCH3 CH,CH; `OH 
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22.18B Reduction of Nitriles 


Nitriles are reduced with metal hydride reagents to form either 1° amines or aldehydes, depend- 
ing on the reducing agent. 


e Treatment of a nitrile with LiAIH, followed by H2O adds two equivalents of Hz across the 
triple bond, forming a 1° amine. 


[1] LiAIH, 


: apes <3 addition of two 
General reaction | R-C=N EEIT R-CH,NH, <—— equivalents of Hz 
1° amine 
[1] LiAIH, 
Example | (CH3)3C-C=N ———— (CH,)3C—-CH2NH> 
— [2] H20 


¢ Treatment of a nitrile with a milder reducing agent such as DIBAL-H followed by H2O 
forms an aldehyde. 


O 
z = [1] DIBAL-H ll addition of one 
General reaction | R-C=N PIHO” p^“ equivalent of H; | 
aldehyde 


0) 
IBAL-H i 
Example | C=N 11) DIBAL-H C 
(F [2] H20 or `H 


The mechanism of both reactions involves nucleophilic addition of hydride (H) to the polar- 
ized C-N triple bond. Mechanism 22.12 illustrates that reduction of a nitrile to an amine 
requires addition of two equivalents of H: from LiAlH4. It is likely that intermediate nitrogen 
anions complex with AIH; (formed in situ) to facilitate the addition. Protonation of the dianion 
in Step [4] forms the amine. 


> Mechanism 22.12 Reduction of a Nitrile with LiAIH, 


Part [1] Addition of one equivalent of hydride 


A R, ee R, e Addition of one equivalent of H: from LiAIH, forms an 
R—CEN: Th coh + AIH; Eo C=N—AIH, intermediate that complexes with the AIH, also formed 
HeAl-LH H l H’ during addition (Steps [1]-[2]). 
Alt 


Part [2] Addition of a second equivalent of hydride 


R AIH3 H dia * Addition of a second equivalent of H and complexation 
Yo=Ni—AlH, ar R—C—N—AIH, Reimers R—C—NH, with AlHs yield a dianion with spall ae H bonds. 
H i Ah, [4] n e Hydrolysis with water forms the 1° amine in Step [4]. 
H3Al—H 
+ AlHg + 2H3AIOH 


With DIBAL-H, nucleophilic addition of one equivalent of hydride forms an anion (Step [1]), 
which is protonated with water to generate an imine, as shown in Mechanism 22.13. As described 
in Section 21.12, imines are hydrolyzed in water to form aldehydes. Mechanism 22.13 is written 
without complexation of aluminum with the anion formed in Step [1], to emphasize the identity 
of intermediates formed during reduction. 
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{x Mechanism 22.13 Reduction of a Nitrile with DIBAL-H 


y = <a = H20 
R-ceę: — YÑ = 


N: C=NH C 
Uo yf [2] i several steps | / 
(Section 21.12) 
DIBAL-H = R,Al-H imine 
+ 70H 
Problem 22.33 Draw the product of each reaction. 
[1] NaCN [1] DIBAL-H 
a. CH,CH,-Br ———> b. GH;CH.CH.-CN === 
ame [2] LAIH; ame sa [2] H2O 


[3] H2O 


22.18C Addition of Grignard and Organolithium Reagents to Nitriles 


Both Grignard and organolithium reagents react with nitriles to form ketones with a new 
carbon-carbon bond. 


l new CC bond 
[1] R'MgX or R'Li Il 


| General reaction | RGN SS E TA 
[2] H2O R” CR 


ketone 


— O 
Bannie) (Vay omer T 


[2] H;O Cy “CHCH, 


The reaction occurs by nucleophilic addition of the organometallic reagent to the polarized C-N 
triple bond to form an anion (Step [1]), which is protonated with water to form an imine. Water 
then hydrolyzes the imine, replacing the C=N by C=O as described in Section 21.12. The final 
product is a ketone with a new carbon-carbon bond (Mechanism 22.14). 


[ò Mechanism 22.14 Addition of Grignard and Organolithium Reagents (R-M) to Nitriles 


Ag- 
R P STE R R 
A \ ee No at H20 \ 
v [4] pam 2] e=NH Sree Sees pae 
/ sevi / 
RM RN OO O A Section 21.12) 7 
M = MgX or Li | new C-C bond | mne 
= — + 70H 
Problem 22.34 Draw the products of each reaction. 
OCH 
= CN 
[1] CH3CH.MgCl Pe Ae [1] CeHsLi 
a. SS: b. ee 
[2] H20 [2] H2O 


Problem 22.35 


Problem 22.36 


What reagents are needed to convert phenylacetonitrile (CgH;CH2CN) to each compound: 
(a) CeH5CH2COCH;3; (b) CgHs CH2COC(CHs)g3; (c) CgHsCH2CHO; (d) CgHsCH2COOH? 


Outline two different ways that 2-butanone can be prepared from a nitrile and a Grignard reagent. 
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KEY CONCEPTS 


Carboxylic Acids and Their Derivatives—Nucleophilic Acyl Substitution 


Summary of Spectroscopic Absorptions of RCOZ (22.5) 
IR absorptions * All RCOZ compounds have a C=O absorption in the region 1600-1850 cm”. 

e RCOCI: 1800 cm 
e (RCO): 1820 and 1760 cm” (two peaks) 
e RCOOR': 1735-1745 cm“ 
e RCONR',: 1630-1680 cm 

e Additional amide absorptions occur at 3200-3400 cm” (N-H stretch) and 1640 em™ (N-H 
bending). 

e Decreasing the ring size of a cyclic lactone, lactam, or anhydride increases the frequency of the 
C=O absorption. 

e Conjugation shifts the C=O to lower wavenumber. 


1H NMR absorptions e C-H gto the C=O absorbs at 2-2.5 ppm. 
e N-H ofan amide absorbs at 7.5-8.5 ppm. 


136 NMR absorption e C=O absorbs at 160-180 ppm. 
Summary of Spectroscopic Absorptions of RCN (22.5) 

IR absorption e CEN absorbs at ~2250 cm”. 

136 NMR absorption e CEN absorbs at 115-120 ppm. 


Summary: The Relationship between the Basicity of Z and the Properties of RCOZ 


* Increasing basicity of the leaving group (22.2) 
e Increasing resonance stabilization (22.2) 


g ~ So es picts 1 
R° POH | R< TOR | R° PNR | 
acid chloride anhydride carboxylic acid ester amide 


¢ Increasing leaving group abllity (22.7B) 
e Increasing reactivity (22.7B) 
e Increasing frequency of the C=O absorption in the IR (22.5) 


General Features of Nucleophilic Acyl Substitution 
e The characteristic reaction of compounds having the general structure RCOZ is nucleophilic acyl substitution (22.1). 
e The mechanism consists of two steps (22.7A): 
[1] Addition of a nucleophile to form a tetrahedral intermediate 
[2] Elimination of a leaving group 
¢ More reactive acyl compounds can be used to prepare less reactive acyl compounds. The reverse is not necessarily true (22.7B). 
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Nucleophilic Acyl Substitution Reactions 
[1] Reactions that produce acid chlorides (RCOCI) 


(@) (6) 
il tt 
. SS + SOC —— .C.. + SO, + HCl 
From RCOOH (22.10A): ROH 2 Ra 2 
[2] Reactions that produce anhydrides [(RCO)20] 
9 ? ? 
; .8): CRS + CL — S o + cr 
a. From RCOCI (22.8) A -0p aso 
Q o 
3 5 A OH A 
b. From dicarboxylic acids (22.10B): OH = O + HO 
oO O 
cyclic anhydride 
[3] Reactions that produce carboxylic acids (RCOOH) 
From RCOCI (22.8) i + HO i + || bes 
5 — 
ne ee RCI 2“ pyridine R ^OH te 
N cr 
H 
? f ? 
b. From (RCO)20 (22.9): po + HO — 2 i on 
2 ? q 
: Ç + HO —— O or Ae, + ROH 
c. From RCOOR' (22.11): Rop 2 (H*or OH) R OH R o- 
(with acid) (with base) 
ahat i + RLNH 
9 R OH 2 2 
d. F RCONR’, (R' = H Ikyl, 22.13): AGS 
rom RCONR’ ( or alky ) a NR’, p ö 
H20, “OH tl 
R' =H or alkyl wes +  R'oNH 
RX O 
[4] Reactions that produce esters (RCOOR’) 
i + ROH i + || ha 
a. From RCOCI (22.8): Rc pyridine RoR Pe: 
Ne oF 
H 
? & ? 
b. From (RCO)20 (22.9): ages + ROH —— ae _ + RCOOH 
O 
q H»SO,4 il 
c. From RCOOH (22.10C): C + R'OH ge + H,O 
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[5] Reactions that produce amides (RCONH.) [The reactions are written with NH3 as nucleophile to form RCONHz. Similar reactions 
occur with R'NH2 to form RCONHR', and with R'sNH to form RCONR’>.] 


a. From RCOCI (22.8): 


b. From (RCO),O (22.9): 


c. From RCOOH (22.100): 


d. From RCOOR' (22.11): 


Nitrile Synthesis (22.18) 


Q 
il il 
A + Nh — Co + NH,tCr 
R° Cl j R NH, 
(2 equiv) 
? & ? 
E o E E + NH —_— Cc + RCOO-NH,* 
gy OS . R~ NH» : 
(2 equiv) 
9? [1] NH3 I! 
20S i AFK + H2O 
Rl `OH ë [gja R 5 
Q II 
Aa +  R'NH Jes. + HO 
Ke Ol ê DCC R NHR’ P 
2 2 
Jw + NH, ~ gx + R'OH 
R^ ~OR' R^ ONH; 


Nitriles are prepared by Sy2 substitution using unhindered alkyl halides as starting materials. 


Reactions of Nitriles 
[1] Hydrolysis (22.18A) 


[2] Reduction (22.18B) 


R-X + N 52 R-C=N + X 
R = CHa, 1° N 


fe) 

R-C=N HO i è 
CEN = or 

(Ht or-OH) R^ `OH RIO 


(with acid) (with base) 


[1] LiAIH, 


ano 7” P-OHNh 


1° amine 


[1] DIBAL-H q 
[2] H2O R/H 


[3] Reaction with organometallic reagents (22.18C) 


aldehyde 
REON [1] R'MgX or R'Li i 
-Ç= —— > a 
[2] H20 RR 


ketone 
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PROBLEMS —— 


Problems Using Three-Dimensional Models 


22.37 Rank the following compounds in order of increasing reactivity in nucleophilic acyl substitution. 


Y 
$ i > € ~ @, » 
£ a . hid v. @ 
Lee%e ə P a u e 
w W v $ z (e) 


22.38 (a) Give an acceptable name for each compound. (b) Draw the organic products formed when A or B is treated with each 
reagent: [1] H3O*; [2] “OH, H20; [3] CHsCH2CH2MgBr (excess), then H20; [4] LIAIH4, then H20. 


Se 4 ene “x s y 


A B 


22.39 Which ester, C or D, is more reactive in nucleophilic acyl substitution? Explain your reasoning. 


ae i è m 4 
7 [e] v 
oo o "À. eoe o 
@ e@ o D 
wg ¢ n aa aas 
id w 
Cc D 


Nomenclature 
22.40 Give the IUPAC or common name for each compound. 


oO 
4 

a. (CH,),CCOC! e. (j ncocens h. g 
Cl 

O. 
0 
Cl CN 
(0) (0) 

O 

phy comme OL 
(0) 


d. CgHsCH,COOC,Hs 


j 
Q 

Z 

G 

Be 

K 

O 

{Í 

& 


22.41 Give the structure corresponding to each name. 
a. propanoic anhydride 

&-chlorobutyryl chloride 

cyclohexyl propanoate 

cyclohexanecarboxamide 

isopropy! formate 

N-cyclopentylpentanamide 


4-methylheptanenitrile 

vinyl acetate 

benzoic propanoic anhydride 
3-methylhexanoyl chloride 
octyl butanoate 
N,N-dibenzylformamide 


- FS - 7 Q 


-~ ORO 


Properties of Carboxylic Acid Derivatives 

22.42 Rank the compounds in each group in order of increasing reactivity in nucleophilic acyl substitution. 
a. CH3CH2,CH2CONH2, CH3CH2CH2COCI, CH3CH2zCH2COOCH2CH2CH3 
b. (CHsCH2CO)20, (CF3CO)20, CH3CH2zCOs2CH2CH2CH3 
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22.43 Explain why imidazolides are much more reactive than other amides in nucleophilic acyl substitution. 


imidazolide 


22.44 Explain why CHaCONH; is a stronger acid and a weaker base than CH3CH2NHo. 


Reactions 

22.45 Draw the product formed when pentanoyl chloride (CH3;CH2CH,CH,COC)) is treated with each reagent. 
a. H20, pyridine c. CH3;COO- e. (CH3CHz)2NH (excess) 
b. CH3CH2OH, pyridine d. NH; (excess) f. CeH5NH: (excess) 


22.46 Draw the product formed when pentanoic anhydride [(CH}CH2CH2CH2C0O)20] is treated with each reagent. With some reagents, 
no reaction occurs. 
a. SOCI, c. CH3OH e. (CH3CH2)2NH (excess) 
b. HO d. NaCl f. CH3CH2NHz (excess) 


22.47 Draw the product formed when phenylacetic acid (CgH;CH2COOH) is treated with each reagent. With some reagents, no 
reaction occurs. 


a. NaHCO, e. NH3 (1 equiv) i. [1] NaOH; [2] CH;COCI 

b. NaOH f. NH3, A j. CHgNHs, DCC 

c. SOCI» g. CHOH, H2SO, k. [1] SOCIz; [2] CHzCH2CH2NHp (excess) 
d. NaCl h. CH30H, “OH l. [1] SOCI»; [2] (CH3)2CHOH 


22.48 Draw the product formed when ethyl butanoate (CH3CH2zCH,COOCH;CHs) is treated with each reagent. With some reagents, no 
reaction occurs. 


a. SOCI, b. H,0* Cc. H20, OH d. NH3 e. CH3CH2NH2 
22.49 Draw the product formed when phenylacetamide (CsHsCH2CONH)) is treated with each reagent. 
a. H30* b. H20, OH 
22.50 Draw the product formed when phenylacetonitrile (CsHsCH2CN)}) is treated with each reagent. 
a. H3O0* c. [1] CH3sMgBr; [2] H2O e. [1] DIBAL-H; [2] HO 
b. H20, “OH d. [1] CH3CH3Li; [2] H20 f. [1] LIAIH4; [2] H2O 
22.51 Draw the organic products formed in each reaction. 
O 
COOH 
5 X SOCl, A O — H0* 
OH 
(0) 
b. CgH,COCI + 4 Ji = CH3CH2CH;CHB pee 
Z ; r 
6M5 7 g 3VH20H20H2 [2] H,O, OH 
H 
(excess) 
[1] CHgCH,CH,MgBr [1] SOCI, 
C. CHsCN <_< h. CaHeCH COOH = ————____+ 
6:9 [2] HzO CeHsCHe [2] CHs3CH»CH2CH NH, 
[3] LiAIH, 
[4] H2O 
H2SO4 l N A 
d. (CH3),>CHCOOH + CH3CHÇHOH = i. HOOC COOH 


CH3 


H20 
K j nhoocn, a j. (CHsCO),0 + ( y — 


(excess) 


D 
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22.52 Q, What products are formed when X, which contains both a lactone and an acetal, is treated with each 
reagent: (a) H3O*; (b) NaOH, H20? 


22.53 Identify compounds A-M in the following reaction sequence. 


Br NaCN HO" p SOCK p [1] (CHs),Cul! 
— A $ p — SE 
[2] HO 
aa" | 
É 


[2] H,O CH30H, H+ PCC 
T. MLDIBAL-H.. [1] DIBAL-H ` DIBAL-H [1] CHaLi i 
[2] H2O [2] H2O 
[1] LiAIH, 
(CH3CO),0 ls HO 
A J NaCN _ [1] CH3MgBr 


— K —— 
TsCl, pyridine [2] H20 


22.54 Draw the products of each reaction and indicate the stereochemistry at any stereogenic centers. 


HD 
ye CH,CH;0H 
a. on S PE SERCHI 
pyridine CH; ~COOH H 
THa 
fe) CH3 
Br NaCN j i 
b. i — a. -Cu + H —> 
HD CH4 Cl CoH “wi 
(2 we 


22.55 What products are formed when all of the amide and ester bonds are hydrolyzed in each of the following compounds? Tamiflu 
[part (a)] is the trade name of the antiviral agent oseltamivir, thought to be the most effective agent in treating influenza. 
Governments are stockpiling the drug in the event of an influenza pandemic. Aspartame [part (b)] is the artificial sweetener 
used in Equal and many diet beverages. One of the products of this hydrolysis reaction is the amino acid phenylalanine. Infants 
afflicted with phenylketonuria cannot metabolize this amino acid, so it accumulates, causing mental retardation. When the 
affliction is identified early, a diet limiting the consumption of phenylalanine (and compounds like aspartame that are converted 
to AA can make a normal life possible. 


CO,CH;CH; 
a J bo b. on Al 
. Ce 
O 


H 
NH, sið 
oseltamivir aspartame 


22.56 Identify F in the following reaction sequence. F was converted in several steps to the antidepressant paroxetine (trade name 
Paxil; see also Problem 9.11). 


[1] CHsSO,Cl, (CHgCH>)3N 
f0) M F 
[2] PhCH»NH,, (CH3CHz)3N 


CH30 OH CigHigFNO 
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Mechanism 
22.57 Draw a stepwise mechanism for each reaction. 


Il 
Cc Cc 
“cl ~NHNH2 | ion 
a& + NH2NH32 TET TE i + N 
pyridine H Cr 


ie) 
10) 
b ne pow S 
i “OH HO o 


22.58 When acetic acid (CHCOOH) is treated with a trace of acid in water labeled with 180, the label gradually appears in both 
oxygen atoms of the carboxylic acid. Draw a mechanism that explains this phenomenon. 


O oO 186) 
i + j j 


=O 
/ 


me + ee 
CH; ~18OH CH; `OH 


22.59 Although y-butyrolactone (Problem 19.62) is a biologically inactive compound, it is converted in the body to 4-hydroxybutanoic 
acid (GHB), an addictive and intoxicating recreational drug (Section 19.5). Draw a stepwise mechanism for this conversion in 


the presence of acid. 
(a 
H30* Ho A~a A 
b on 


0 4-hydroxybutanoic acid 
y-butyrolactone GHB 


22.60 Aspirin is an anti-inflammatory agent because it inhibits the conversion of arachidonic acid to prostaglandins by the transfer of 
its acetyl group (CH3CO-—) to an OH group at the active site of an enzyme (Section 19.6). This reaction, called 
transesterification, results in the conversion of one ester to another by a nucleophilic acyl substitution reaction. Draw a stepwise 
mechanism for the given transesterification. 


O 
S Yi acid catalyst P on 
| O + CHOH —— CH,0-C + 
ZA X 
COH CHg CO>H 


aspirin enzyme inactive enzyme salicylic acid 


22.61 Draw a stepwise mechanism for the following reaction, one step in the synthesis of the cholesterol-lowering drug ezetimibe 
(Section 20.6). 


O 


LO 
6 F CH3CHMgBr 
LT i 
RO N Q O 
H 
F 


22.62 Draw a stepwise mechanism for the conversion of lactone C to carboxylic acid D. C is a key intermediate in the synthesis of 
prostaglandins (Section 19.6) by Nobel Laureate E. J. Corey and co-workers at Harvard University. 


CH,O 
[1] KOH, HzO 


Lx 


c 


fe) [2] H30* 
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22.63 Draw a stepwise mechanism for the conversion of lactone A to ester B using HCI in ethanol. B is converted in one step to ethyl 
chrysanthemate, a useful intermediate in the synthesis of a variety of pyrethrins, naturally occurring insecticides with three- 
membered rings that are isolated from chrysanthemums (Section 26.4). 


= *CO,CHsCH, 
CHsCH.OH “one step 


ethyl chrysanthemate 


22.64 Draw a stepwise mechanism for the following reaction. 


+ 


o Ko Q 9 
es COOH —— o+ J 
© 


HO 


22.65 Acid-catalyzed hydrolysis of HOCHsCH2C(CH3)2CN forms compound A (C6H1002). A shows a strong peak in its IR spectrum at 
1770 cm and the following signals in its 'H NMR spectrum: 1.27 (singlet, 6 H), 2.12 (triplet, 2 H), and 4.26 (triplet, 2 H) ppm. 
Draw the structure for A and give a stepwise mechanism that accounts for its formation. 


Synthesis 
22.66 What carboxylic acid and alcohol are needed to prepare each ester by Fischer esterification? 


a. (CH3)gCCOsCH2CH, b. oI c. i didia d. Aa A 
O O O 


22.67 Devise a synthesis of each compound using 1-bromobutane (CH3CH2CH2CH2Br)} as the only organic starting material. You may 
use any other inorganic reagents. 


OH 
H 
a. WASA b aik i daii c. WFN d AnA 
n T I OT 


22.68 Convert 1-bromohexane (CHCH CH2CH2CH2CH2Br)} into each compound. More than one step is required. You may use any 
other organic or inorganic reagents. 
a. CHgCHsCHsCH2CH2CH,COCI c. CH3CH2s,CH2,CHsCHsCH2zCOCH 3 
b. CH3gCH,CH,CH2,CH2,CH2CO.CHsCH, d. CHsCHsCH2,CH,CH2,CH,CHszNHCOCH, 


22.69 Two methods convert an alkyl halide into a carboxylic acid having one more carbon atom. 


a 


H30 
M] R-X + -CN ——+ R-CN —~> R-COOH (Section 22.18) 


+x f 
new C-C bond 
Me | 
[2] R-X + Mg ————> R-MgX THO? R-COOH (Section 20.14) 
3 


Depending on the structure of the alkyl halide, one or both of these methods may be employed. For each alkyl halide, write out 
a stepwise sequence that converts it to a carboxylic acid with one more carbon atom. If both methods work, draw both routes. 
If one method cannot be used, state why it can’t. 


Br 
a. CH,Cl b. Cy c. (CHg3)3CCl d. HOCH CH2CH2CH;Br 


22.70 Devise a synthesis of benzocaine, ethyl p-aminobenzoate (HəNCsH4CO2CH2CH3), from benzene, organic alcohols, and any 
needed organic or inorganic reagents. Benzocaine is the active ingredient in the topical anesthetic Orajel (Section 18.150). 
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22.71 Devise a synthesis of melatonin, the mammalian hormone involved in regulating the sleep-wake cycle, from the 
neurotransmitter serotonin, alcohols, and any needed organic and inorganic reagents. 


oO 
CH0 yA HO NH 
N = N 
N N 
H H 


melatonin serotonin 


22.72 Devise a synthesis of each analgesic compound from phenol (CgH;OH) and any other organic or inorganic reagents. 


O 
I H H 
CNHs NA -CH3 Maes CH3 
II Il 
OH HO CH3CH,0 
salicylamide acetaminophen p-acetophenetidin 


22.73 Devise a synthesis of each compound from benzene and organic alcohols containing four or fewer carbons. You may also use 
any required organic or inorganic reagents. 


Br 1°) 10) 
Cl H 
N 
Q O 
P b O tT k P p mes 
CH302C (CHg)3C Br 
a 


22.74 Devise a synthesis of each ester from benzene, organic alcohols, and any other needed inorganic reagents. 


2 


NH fe) 
COOCH, € ala: 
a. CH COOCH;CH3 b. c. 


ethyl phenylacetate methyl anthranilate benzyl acetate 
(odor of honey) (odor of grape) (odor of peach) 


22.75 Devise a synthesis of each labeled compound using H.'8O and CHa'®°CH2OH as the only sources of labeled starting materials. 
You may use any other unlabeled organic compounds and inorganic reagents. 


(0) (0) O 189 
i b. 138 ae d. 196 
3 CH5  `O1CH;CH3 ' CH3 ~OCH,CH; ” CH ~18OCH;CH3 " CH `“OCH?CH; 


Polymers 


22.76 What polyester or polyamide can be prepared from each pair of monomers? 


COOH NH 
a. Ho on and Hooe ~~ b. cioc—{ }—ooc and HN@ ~~? 


22.77 What two monomers are needed to prepare each polymer? 


00 00 
9 9 + So of Yo oF 
a. pra oy b. VS LY 
O (6) 
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General Problem 


22.78 Taxotere is the trade name for the synthetic anticancer drug docetaxel, whose structure closely resembles the naturally 
occurring compound taxol, which is isolated from the Pacific yew tree (Section 5.5). 


ji Hot Chs 
: Be od C=CH, + CO, + RNH3* 
OH (CH3)sCO” ~NHR CH, 
carbamate 


docetaxel 


a. Taxol’s limited water solubility led to an extensive search for related compounds with increased water solubility. What 
structural features give docetaxel a better water solubility profile? 

b. Docetaxel contains a carbamate (labeled in red), a functional group with a carbonyl group bonded to a nitrogen and oxygen 
atom. Draw three more resonance structures for a carbamate (in addition to the Lewis structure with all neutral atoms given). 
Rank all four resonance structures in order of increasing stability. 

c. A carbamate with a tert-butoxy group [(CH3)3CO-] is hydrolyzed according to the given equation. Draw a stepwise 
mechanism for the hydrolysis of a carbamate to the three products shown. 

d. Assuming that all ester and carbamate bonds are cleaved, draw all products formed when docetaxel is hydrolyzed with 
aqueous acid. 


Spectroscopy 
22.79 How can IR spectroscopy be used to distinguish between each pair of isomers? 
Q ° oO O 
a. mom and oe G: and e N 
CH5 `OCH3 CHCH; `OH Pt Pectin NH2 
(0) 
te) (6) O 
b. and d. o= Yon and CH 
Posy Pe 3 


22.80 Rank the compounds in each group in order of increasing frequency of the C=O absorption in their IR spectra. 


O 
a. ce CH3CHCOOCHCH; CgH;COOCH2CH, b. CH3COCI CH3CONH, CH3COOCH, 
22.81 Identify the structures of each compound from the given data. 

a. Molecular formula CsH1202 

IR absorption: 1738 cm" 

1H NMR: 1.12 (triplet, 3 H), 1.23 (doublet, 6 H), 2.28 (quartet, 2 H), and 5.00 (septet, 1 H) ppm 
b. Molecular formula C,H7N 

IR absorption: 2250 cm” 

1H NMR: 1.08 (triplet, 3 H), 1.70 (multiplet, 2 H), and 2.34 (triplet, 2 H) ppm 
c. Molecular formula CgHgNO 

IR absorptions: 3328 and 1639 cm" 


1H NMR: 2.95 (singlet, 3 H), 6.95 (singlet, 1 H), and 7.3-7.7 (multiplet, 5 H) ppm 
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d. Molecular formula C,H7ClO 

IR absorption: 1802 cm” 

1H NMR: 0.95 (triplet, 3 H), 1.07 (multiplet, 2 H), and 2.90 (triplet, 2 H) ppm 
. Molecular formula C5Hi9O2 

IR absorption: 1750 cm” 

1H NMR: 1.20 (doublet, 6 H), 2.00 (singlet, 3 H), and 4.95 (septet, 1 H) ppm 
. Molecular formula C10H1202 

IR absorption: 1740 cm” 

1H NMR: 1.2 (triplet, 3 H), 2.4 (quartet, 2 H), 5.1 (singlet, 2 H), and 7.1-7.5 (multiplet, 5 H) ppm 
. Molecular formula CaH1403 

IR absorptions: 1810 and 1770 cm“ 

1H NMR: 1.25 (doublet, 12 H) and 2.65 (septet, 2 H) ppm 


22.82 identify the structures of A and B, isomers of molecular formula C4 9H;2Oz, from their IR data and 'H NMR spectra. 


a. IR absorption for A at 1718 cm” b. IR absorption for B at 1740 cm 


1H NMR of A 1H NMR of B 


ppm ppm 


22.83 Phenacetin is an analgesic compound having molecular formula C;9H;3NO2. Once a common component in over-the-counter 
pain relievers such as APC (aspirin, phenacetin, caffeine), phenacetin is no longer used because of its liver toxicity. Deduce the 
structure of phenacetin from its 'H NMR and IR spectra. 


1H NMR (phenacetin) 


% Transmittance 


4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm~!) 


22.84 


22.85 
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Identify the structure of compound C (molecular formula C;;H;sNO.), which has an IR absorption at 1699 cm”! and the 'H NMR 
spectrum shown below. 


9 8 7 6 5 4 3 2 1 0 
Identify the structures of D and E, isomers of molecular formula CsH1202, from their IR and 1H NMR data. Signals at 1.35 and 
1.60 ppm in the 'H NMR spectrum of D and 1.90 ppm in the 'H NMR spectrum of E are multiplets. 


a. IR absorption for D at 1743 cm”! b. IR absorption for E at 1746 cm" 


1H NMR of D 1H NMR of E 


Challenge Problems 


22.86 


22.87 


22.88 


With reference to amides A and B, the carbonyl of one amide absorbs at a much higher wavenumber in its IR spectrum than the 
carbonyl of the other amide. Which absorbs at higher wavenumber and why? 


NH 


(0) O 
A B 


The 'H NMR spectrum of 2-chloroacetamide (CICH,CONH,) shows three signals at 4.02, 7.35, and 7.60 ppm. What protons 
give rise to each signal? Explain why three signals are observed. 


Compelling evidence for the existence of a tetrahedral intermediate in nucleophilic acyl substitution was obtained in a series 
of elegant experiments carried out by Myron Bender in 1951. The key experiment was the reaction of aqueous “OH with ethyl 
benzoate (CsH;COOCH,CHs) labeled at the carbonyl oxygen with 180. Bender did not allow the hydrolysis to go to completion, 
and then examined the presence of a label in the recovered starting material. He found that some of the recovered ethyl 
benzoate no longer contained a label at the carbonyl oxygen. With reference to the accepted mechanism of nucleophilic acyl 
substitution, explain how this provides evidence for a tetrahedral intermediate. 


The starting material contains a———> 180 
label on the carbonyl oxygen. ll ll 


C C 
CgHs `“OCH;CH; CH ~OCHsCH 
ethyl benzoate Unlabeled starting 
material was recovered. 
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22.89 Draw a stepwise mechanism for the following reactions, two steps in R. B. Woodward's classic synthesis of reserpine in 1958. 
Reserpine, which is isolated from the extracts of the Indian snakeroot Rauwolfia serpentina Benth, was used at one time to 
manage mild hypertension associated with anxiety. 


ah CH0 
N 
H 


N 
CH,O N [1]4,benzene — HO several 
[2] NaBH,, CHOH NaBH,, CH30H steps r 
CHO H a OCH; 
CH,0OC” ~ YOCOCH; CHOO Y © Í 
CH,00C 3 cH 
OCH, 3 Z oct 
CH,00C ; OCOCH3 reserpine OCH; 
OCH 


22.90 Draw a stepwise mechanism for the following reaction, the last step in a five-step industrial synthesis of vitamin C that begins 
with the simple carbohydrate So 


(2 equiv) 


vitamin C 


22.91 Draw a stepwise mechanism for the following reaction, a key step in the synthesis of linezolid, an antibacterial agent. 


o ie) 
m Jk pr Ao 
oO mH o Ph [0] N Akiti “ 
j [1] RLi F A ES CL 
H 
N 


— o 


O N 
[2] H2O \ 


cae pg ees 


linezolid 


£ 
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Tamoxifen is a potent anticancer drug used widely in the treatment of breast cancer. 
Tamoxifen binds to estrogen receptors, and in this way inhibits the growth of breast 
cancers that are estrogen dependent. One method to synthesize tamoxifen forms a new 
carbon-carbon bond on the a carbon to a carbonyl group using an intermediate enolate. 
In Chapter 23 we learn about these and other carbon-carbon bond-forming reactions 
that occur at the a carbon. 


23.1 


23.2 


23.3 


23.4 


23.5 


23.6 


23.7 


23.8 


23.9 
23.10 


Introduction 
Enols 
Enolates 


Enolates of 
unsymmetrical 
carbonyl compounds 


Racemization at the 
œ carbon 


A preview of reactions 
at the a carbon 


Halogenation at the 
a carbon 


Direct enolate 
alkylation 


Malonic ester synthesis 


Acetoacetic ester 
synthesis 


915 
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Hydrogen atoms on 
the & carbon are called 
a hydrogens. 


23.1 


Chapter 23 Substitution Reactions of Carbonyl Compounds at the œ Carbon 


Chapters 23 and 24 focus on reactions that occur at the @ carbon to a carbonyl group. 
These reactions are different from the reactions of Chapters 20-22, all of which involved nucleo- 
philic attack at the electrophilic carbonyl carbon. In reactions at the @ carbon, the carbonyl com- 
pound serves as a nucleophile that reacts with a carbon or halogen electrophile to form a new 
bond to the & carbon. 


Chapter 23 concentrates on substitution reactions at the œ carbon, whereas Chapter 24 concen- 
trates on reactions between two carbonyl compounds, one of which serves as the nucleophile and 
one of which is the electrophile. Many of the reactions in Chapter 23 form new carbon—carbon 
bonds, thus adding to your repertoire of reactions that can be used to synthesize more complex 
organic molecules from simple precursors. As you will see, the reactions introduced in Chapter 
23 have been used to prepare a wide variety of interesting and useful compounds. 


Introduction 


Up to now, the discussion of carbonyl compounds has centered on their reactions with nucleo- 
philes at the electrophilic carbonyl carbon. Two general reactions are observed, depending on 
the structure of the carbonyl starting material. 


e Nucleophilic addition occurs when there is no electronegative atom Z on the carbonyl 
carbon (as with aldehydes and ketones). 


; O £ OH usss 
Nucleophilic | l [1] ‘Nu R-C-H(R’) | With no leaving group, 
addition R^ ~H(R') [2] H20 ù | H and Nu are added. 
E u D — 
aldehyde or 
ketone 


e Nucleophilic acyl substitution occurs when there is an electronegative atom Z on the 
carbonyl! carbon (as with carboxylic acids and their derivatives). 


— (e) e 7 O 
Nucleophilic é ‘Nu 4 
substitution | p^ ^z à RO Nu 


Z = electronegative element 


With a leaving group, 


o iz Nu replaces Z. 


Reactions can also occur at the œ carbon to the carbonyl group. These reactions proceed by 
way of enols or enolates, two electron-rich intermediates that react with electrophiles, forming 
a new bond on the @ carbon. This reaction results in the substitution of the electrophile E for 
hydrogen. 


electrophile 
‘OH E: 
| H Ae" 
| General reaction 1 | ? | E repl H | 
at the a carbon P C, È enol P. | on hed Garton | 
pe. \ :0: i. n a 
j E+ 
P 
ance 


nucleophile 
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23.2 Enols 


Recall from Chapter 11 that enol and keto forms are tautomers of the carbonyl group that 
differ in the position of a double bond and a proton. These constitutional isomers are in equi- 
librium with each other. 


Pal 
Two tautomers of a => r Lig 
carbonyl grou — s8 
yi group oo" ss ao 
IN | 
keto form enol form 


- A keto tautomer has a C=O and an additional C-H bond. 
e An enol tautomer has an O-H group bonded to a C=C. 


Equilibrium favors the keto form for most carbonyl compounds largely because a C=O is much 
stronger than a C=C. For simple carbonyl compounds, < 1% of the enol is present at equilibrium. 
With unsymmetrical ketones, moreover, two different enols are possible, yet they still total < 1%. 


iii f j ing 
x a Chara Ca CH3; Lt re CHS 
so A, AA > = rh 2 3 
CH; H CH3 H GH, 
_———— EE 
> 99% <1% > 99% <1% 


With compounds containing two carbonyl groups separated by a single carbon (called B-dicarbonyl 
compounds or 1,3-dicarbonyl compounds), however, the concentration of the enol form sometimes 
exceeds the concentration of the keto form. 


hydrogen bond hydrogen bond 
| | 
As HY 
© © y É 
bAa = ai da = A 
Et a E A Eeee Pa 
CH; ~CH3 “CH, CHS Ká “CH; CHS ` “CH, 
2,4-pentanedione i conjugated C=C i 
B-dicarbonyl compound 
24% keto tautomer 76% enol tautomers 


Two factors stabilize the enol of $-dicarbony! compounds: conjugation and intramolecular 
hydrogen bonding. The C=C of the enol is conjugated with the carbonyl group, allowing delo- 
calization of the electron density in the x bonds. Moreover, the OH of the enol can hydrogen bond 
to the oxygen of the nearby carbonyl group. Such intramolecular hydrogen bonds are especially 
stabilizing when they form a six-membered ring, as in this case. 


Sample Problem 23.1 Convert each compound to its enol or keto tautomer. 
(8) 


c b eee 
a CHS SCH, 
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Solution 

a. To convert a carbonyl compound to its b. To convert an enol to its keto tautomer, 
enol tautomer, draw a double bond change the C-OH to C=O and adda 
between the carbonyl carbon and the a proton to the other end of the C=C. 


carbon, and change the C=O to C—OH. 
In this case, both « carbons are identical, 


so only one enol is possible. [ Change to C=O. | 
f } H e 
; Change to OH. - we 
oO ji ' — 
í ne i ." TT 
Bon <—. DON 
CH3 fa" CH3 `CH2 | H keto form H H 
a enol —— 
_ Draw a C=C here. - _ Add H here. j | new H on the a carbon ] 


Problem 23.1 Draw the enol or keto tautomer(s) of each compound. 
(0) 
a. i i c. A A e. CeHsCH2CH;CO>CH;CH3 


OH o o 
HO. 
b. CgHsCHs,CHO d. f. Draw mono enol 
tautomers only. 


23.2A The Mechanism of Tautomerization 


Tautomerization, the process of converting one tautomer into another, is catalyzed by both acid 
and base. Tautomerization always requires two steps (protonation and deprotonation), but the 
order of these steps depends on whether the reaction takes place in acid or base. In Mechanisms 
23.1 and 23.2 for tautomerization, the keto form is converted to the enol form. All of the steps 
are reversible, though, so they equally apply to the conversion of the enol form to the keto form. 


{> Mechanism 23.1 Tautomerization in Acid 


re (s+ RT ise a e With acid, protonation precedes 
vi ss H Ohe con a ti deprotonation. 
Ses <— > FN = : 
a Mae [1] fall a eH (2} - Cx e Protonation of the carbonyl oxygen 


/\ /\ a li \ HÖ: | forms a resonance-stabilized cation in 
TE resonance-staoliize E + H30: Step [1], and deprotonation in Step [2] 
pprctonatien caton L deprotonation forms the enol. The net result of these 


two steps is the movement of a double 
bond and a proton. 


{ò Mechanism 23.2 Tautomerization in Base 


ve Treglia TEE 0, Ao p A 
0 pores <9 oO HÊÖH ‘OH ° a E precedes 
JN, i Í ; e Removal of a proton from the a carbon 


m z — ee ee a + 70H forms a resonance-stabilized enolate in 
p enolate p Step [1]. 


¢ Protonation of the enolate with H2O 
forms the enol in Step [2]. 
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Problem 23.2 Draw a stepwise mechanism for the following reaction. 
OH 


H,0* 
g > 


23.2B How Enols React 


Like other compounds with carbon—carbon double bonds, enols are electron rich, so they react 
as nucleophiles. Enols are even more electron rich than alkenes, though, because the OH group 
has a powerful electron-donating resonance effect. A second resonance structure can be drawn 
for the enol that places a negative charge on one of the carbon atoms. As a result, this carbon 
atom is especially nucleophilic, and it can react with an electrophile E* to form a new bond to 
carbon. Loss of a proton then forms a neutral product. 


nucleophilic carbon 


two resonance structures 
for an enol 


new bond on the o carbon 


e Reaction of an enol with an electrophile E* forms a new C-E bond on the o carbon. 
The net result is substitution of H by E on the & carbon. 


6: :OH 0: 

Overall process | y H | tautomerization é reaction with EY =k. 
va a s So gy o mm A ot 
FN fl i 


nucleophilic carbon 


substitution of H by E 


Problem 23.3 When phenylacetaldehyde (CgHs;CH,CHO) is dissolved in D2O with added DCI, the hydrogen 
atoms œ to the carbonyl are gradually replaced by deuterium atoms. Write a mechanism for this 
process that involves enols as intermediates. 


23.3 Enolates 


Enolates are formed when a base removes a proton on the o carbon to a carbonyl group. A 
C-H bond on the © carbon is more acidic than many other sp? hybridized C-H bonds, because 
the resulting enolate is resonance stabilized. Moreover, one of the resonance structures is espe- 
cially stable because it places a negative charge on an electronegative oxygen atom. 


oe 


:Ọ: <— negative charge on O 


C, 
7 + HBt 


<-> 


I Ö: Ö: 
Forming enolates from AS Dato meio i a Ci m 
carbonyl compounds was OIME SOT 7 ew HONN 


first discussed in Section 21.7. AIN | 
" a carbon z 
resonance-stabilized 


enolate anion 
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Enolates are always formed by removal of a proton on the & carbon. 


j | Ö: ~O: :0: 
| Examples Q: sB C? ° F 
a el aon — OSes — Ly Cy + HB 


cyclohexanone 


The pK, of the o hydrogen in an aldehyde or ketone is ~20. As shown in Table 23.1, this makes 
it considerably more acidic than the C-H bonds in CH3;CH; and CH;CH=CH,. Although C-H 
bonds © to a carbonyl are more acidic than many other C-H bonds, they are still less acidic than 
O-H bonds that always place the negative charge of the conjugate base on an electronegative 
oxygen atom (c.f. CH;CH,0H and CH;COOH in Table 23.1). 


Table 23.1 A Comparison of pK, Values a. | 


Compound pK, Conjugate base Structural features of the conjugate base 
Q z e The conjugate base has a (-) charge on C, 
F CHsCHs 30 CHCH but is not resonance stabilized. 
v 
w = O hd bd e The conjugate base has a (-) charge on C, 
EE GRRCHEHs 48 i iad: “S> CHECHEN and is resonance stabilized. 
>c 
£o a 
2 rs Key ovr e The conjugate base has two resonance 
v= (CH3)2C=0 19.2 CE qop Jet structures, one of which has a (-) charge 
= © CH3 CH3 CH3 “CH3 on O. 
gf 
o= P 
52 he e The conjugate base has a (-) charge on O, 
£¢ SHEHA 1 CHeChae but is not resonance stabilized. 
D 
3 :0: :0F e The conjugate base has two resonance 
2 CH3CO.H 4.8 g i- 4 eA structures, both of which have a (-) charge 
£ CH3 `O: CH% `Q: on O. 


e Resonance stabilization of the conjugate base increases acidity. 
e CH2=CHCH; is more acidic than CH3CH2CHa. 
e CHCOOH is more acidic than CH3CH2OH. 
e Placing a negative charge on O in the conjugate base increases acidity. 
e CH3CH2OH is more acidic than CH3CH2CH3. 
e CH3COCHs is more acidic than CHa=CHCHs. 
e CHCOOH (with two O atoms) is more acidic than CH3;COCH3. 


The electrostatic potential plots in Figure 23.1 compare the electron density of the acetone eno- 
late, which is resonance stabilized and delocalized, with that of (CH3),CHO , an alkoxide that is 
not resonance stabilized. 
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Figure 23.1 The negative charge is The negative charge is 
Electron density in an enolate delocalized on C and O. concentrated on O. 
TA 


and an alkoxide 


& oe 

:0: a 

Ss = = Ê 
CH% “CH; CH; ~CH; 


acetone enolate an alkoxide anion 


e The acetone enolate is resonance stabilized. The negative charge is delocalized on the oxygen 


atom (pale red) and the carbon atom (pale green). 
e The alkoxide anion is not resonance stabilized. The negative charge is concentrated on the 


oxygen atom only (deep red). 


23.3A Examples of Enolates and Related Anions 
In addition to enolates from aldehydes and ketones, enolates from esters and 3° amides can 
be formed as well, although the œ hydrogen is somewhat less acidic. Nitriles also have acidic 
protons on the carbon atom adjacent to the cyano group, because the negative charge of the con- 
jugate base is stabilized by delocalization onto an electronegative nitrogen atom. 


70 6. :OF = negative charge on O 
l i 


Fe Hees Rae... j n AOPE: o: 
| Ester | =o" ~OR' — cm ‘OR’ <— k `ÖR' + HBt 
B H 


\ 
HH H 
t resonance-stabilized enolate 3 h N 
pK, ~ 25 | negative charge on | 
5 sty nee 
Nitrite R-—CH-C=N: ——* R-CH-C=N: <—>» R-CH=C=N: +  HBt 
pa si i 
Bi “H resonance-stabilized carbanion 
pKa=25 


The protons on the carbon between the two carbonyl groups of a B-dicarbonyl compound are 
especially acidic because resonance delocalizes the negative charge on two different oxygen 
atoms. Table 23.2 lists pK, values for B-dicarbonyl compounds as well as other carbonyl com- 


pounds and nitriles. 


B-Dicarbonyl compound | negative charge on O | | negative charge on O | 
: 30: 0: 0: O 
] ll il l 


Q: ‘0: 10: Q 
C — On Co Os C C 
CH3 C “CH, CH `G” “CH cH `e” “oH CH ~C? Cha 
AN | | | 
m~“H H H H H 


2,4-pentanedione Three resonance structures can be drawn for enolates 
pk, =9 derived from B-dicarbonyl compounds. 
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Table 23.2 pk, Values for Some Carbonyl Compounds and Nitriles mC 


Compound type Example pK, Compound type Example pK, 
g 
[1] Amide vom 30 [6] 1,3-Diester BOS se 13.3 
CH3 ~N(CHsg)o CH3CH2O° `CH? “OCH,CH, 
[2] Nitrile CH3—-C=N 25 [7] 1,3-Dinitrile N=C—CH,—C=N 11 
? F 
[3] Ester pom 25 [8] B-Keto ester B ox 10.7 
CH3 ~OCH,CH, CH3 CH, ~OCH2CH, 
f r f 
[4] Ketone k 19.2 [9] B-Diketone JC. cS 9 
CH3 `CH3 CH3 “CH; `CH3 
? 
[5] Aldehyde Box AZ 
CH3 
Problem 23.4 Draw additional resonance structures for each anion. 
? F si 
as z b. Cz LC. Cc. Prax 
CHIGOOGHOHala CH; ~CH~ ~OCH,CH, CH ~CGHCN 
Problem 23.5 Which C-H bonds in the following molecules are acidic because the resulting conjugate base is 
resonance stabilized? 
o o Oe 
, Cc b. CHgCHs,CH,—-CN c. Cc d. 
CHS “CH CHCH ene CH,CH,CH? ~OCH,CH, - 
3 
Problem 23.6 Rank the protons in the indicated CH; groups in order of increasing acidity, and explain why you 


23.3B 


chose this order. 


j i 8 

The Base 

The formation of an enolate is an acid—base equilibrium, so the stronger the base, the more 
enolate that forms. 

O: 
Enolate formation— It 
An acid-base equilibrium | „© kon Frie = Axa + BY 
RB \ ji conjugate acid 
acid 
pKa = 20 


Stronger bases drive the equilibrium to the right. | 


We have now used the term 
amide in two different ways— 
first as a functional group 

(e.g., the carboxylic acid 
derivative RCONH,) and now 
as a base (e.g., NH», which 
can be purchased as a sodium 
or lithium salt, NaNHs or LiNHs, 
respectively). In Chapter 23 we 
will use dialkylamides, “NRo, 

in which the two H atoms of 
-NH3 have been replaced by 

R groups. 


Enolate formation with LDA is 
typically carried out at -78 °C, 
a convenient temperature 

to maintain in the laboratory 
because it is the temperature 
at which dry ice (solid CO3) 
sublimes. A low-temperature 
cooling bath can be made by 
adding dry ice to acetone until 
the acetone cools to -78 °C. 
Immersing a reaction flask 

in this cooling bath keeps its 
contents at a constant low 
temperature. 


Q 


O 
THF 
tetrahydrofuran 
a polar aprotic 
solvent 
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We can predict the extent of an acid-base reaction by comparing the pK, of the starting acid (the 
carbonyl compound in this case) with the pK, of the conjugate acid formed. The equilibrium 
favors the side with the weaker acid (the acid with the higher pK, value). The pK, of many 
carbonyl compounds is ~20, so a significant amount of enolate will form only if the pK, of the 
conjugate acid is > 20. 


The common bases used to form enolates are hydroxide ( OH), various alkoxides COR), hydride 
(H), and dialkylamides (NR). How much enolate is formed using each of these bases is indi- 
cated in Table 23.3. 


Table 23.3 Enolate Formation with Various Bases: ; 
RCOCH; (pKa = 20) + B: —> RCOCH” + HB* 


Base (B:) Conjugate acid (HB’) pK, of HB* % Enolate 
[1] Na* “OH HzO 15:7 <1% 
[2] Na*“OCH2CHg, CH3CH20H 16 <1% 
[3] K*-“OC(CHg)3 (CH3)3COH 18 1-10% (depending on 
the carbonyl compound) 
[4] Na* H7 H2 35 100% 
[5] Li* "N[CH(CHg)z]o HN[CH(CHs)2]2 40 100% 


When the pK, of the conjugate acid is < 20, as it is for OH and all “OR (entries 1-3), only a 
small amount of enolate is formed at equilibrium. These bases are more useful in forming eno- 
lates when more acidic 1,3-dicarbonyl compounds are used as starting materials. They are also 
used when both the enolate and the carbonyl starting material are involved in the reaction, as is 
the case for reactions described in Chapter 24. 


To form an enolate in essentially 100% yield, a much stronger base such as lithium diisopropyl- 
amide, Lit "N[CH(CH3)2}, abbreviated as LDA, is used (entry 5). LDA is a strong nonnucleo- 
philic base. Like the other nonnucleophilic bases (Sections 7.8B and 8.1), its bulky isopropyl 
groups make the nitrogen atom too hindered to serve as a nucleophile. It is still able, though, to 
remove a proton in an acid-base reaction. 


2 
CHa HCH; H 
€ Y 
ea 
CHS Sn cu, 


= + 
Lit s @ 
lithium diisopropylamide i 
The N atom is too crowded 


| LDA to be a nucleophile. 


i 


LDA quickly deprotonates essentially all of the carbonyl starting material, even at -78 °C, to 
form the enolate product. THF is the typical solvent for these reactions. 


O fe) 
+ LDA =e + HNICH(CH3)2]2 
-78 °C diisopropylamine 
pKa = 20 pK, = 40 


Equilibrium greatly favors the products. 


Essentially all of the ketone is converted to enolate. 
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Problem 23.7 


Problem 23.8 
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Because enolates usually react 
at carbon instead of oxygen, 
the resonance structure that 
places the negative charge on 
oxygen will often be omitted in 
multistep mechanisms. 


LDA can be prepared by deprotonating diisopropylamine with an organolithium reagent such as 
butyllithium, and then used immediately in a reaction. 


| Preparation of LDA | 
_ 


CHsCH,CH,CH,“Li + SH hi[CH(CHs)al —+ CH,CH,CH,CH,-H + | Li*-ÑICH(CHa)al | 
diisopropylamine LDA 


Draw the ii formed when each starting material is treated with LDA in THF solution at -78 °C. 


O 
4 CN 
10 Gu o cH, m ~~ 
OCH2CH, 


When ethyl acetoacetate (CH3COCH2CO2CH2CH:) is treated with one equivalent of CH3MgBr, 
a gas is evolved from the reaction mixture, and after adding aqueous acid, ethyl acetoacetate 
is recovered in high yield. Identify the gas formed and explain why the starting material was 
recovered in this reaction. 


As we learned in Chapter 20, organolithium reagents (RLi) are strong bases that readily react with 
acidic protons. Why aren’t organolithium reagents used to generate enolates? 


General Reactions of Enolates 


Enolates are nucleophiles, and as such they react with many electrophiles. Because an eno- 
late is resonance stabilized, however, it has two reactive sites—the carbon and oxygen atoms 
that bear the negative charge. A nucleophile with two reactive sites is called an ambident 
nucleophile. In theory, each of these atoms could react with an electrophile to form two different 
products, one with a new bond to carbon, and one with a new bond to oxygen. 


:0: 
i i j = 
E+ 
pe pit 8, Pee” ——s Ze Ee Preferred pathway 


~N 
1 2 
aR [1] P [2] K \ : 
i i | new bond 
C le) This path does not | 
an id a Se usually occur. | 
| + HBt | 


E* = electrophile 


An enolate usually reacts at the carbon end, however, because this site is more nucleophilic. 
Thus, enolates generally react with electrophiles on the œ carbon so that many reactions in 
Chapter 23 follow a two-step path: 


[1] Reaction of a carbonyl compound with base forms an enolate. 
[2] Reaction of the enolate with an electrophile forms a new bond on the a carbon. 
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23.4 Enolates of Unsymmetrical Carbonyl Compounds 


What happens when an unsymmetrical carbonyl compound like 2-methylcyclohexanone is 
treated with base? Two enolates are possible, one formed by removal of a 2° hydrogen, and one 
formed by removal of a 3° hydrogen. 


(0) :OF 
CH CH 
Path [1] Cy 3 Cy 3 
—_— kinetic enolate 
removal of kedah 


a2° H s 
less substituted enolate 
This enolate is formed faster. 


:G- More substituted C=C 


ie) : 
ali Path [2] a~CHs Lons 
2-methylcyclohexanone removal of R thermodynamic enolate | 
a3°H : 


more substituted enolate 
This enolate is more stable. 


Path [1] occurs faster than Path [2] because it results in removal of the less hindered 2° hydrogen, 
forming an enolate on the less substituted & carbon. Path [2] results in removal of a 3° hydrogen, 
forming the more stable enolate with the more substituted double bond. This enolate predomi- 
nates at equilibrium. 


e The kinetic enolate is formed faster because it is the less substituted enolate. 
e The thermodynamic enolate is lower in energy because it is the more substituted enolate. 


It is possible to regioselectively form one or the other enolate by the proper use of reaction con- 
ditions, because the base, solvent, and reaction temperature all affect the identity of the enolate 
formed. 


Kinetic Enolates 


The kinetic enolate forms faster, so mild reaction conditions favor it over slower processes with 
higher energies of activation. It is the less stable enolate, so it must not be allowed to equilibrate 
to the more stable thermodynamic enolate. The kinetic enolate is favored by: 


[1] A strong nonnucleophilic base. A strong base assures that the enolate is formed rapidly. A 
bulky base like LDA removes the more accessible proton on the less substituted carbon 
much faster than a more hindered proton. 

[2] Polar aprotic solvent. The solvent must be polar to dissolve the polar starting materials and 
intermediates. It must be aprotic so that it does not protonate any enolate that is formed. THF 
is both polar and aprotic. 

[3] Low temperature. The temperature must be low (-78 °C) to prevent the kinetic enolate from 
equilibrating to the thermodynamic enolate. 


1@) 12) 
H CH3 Fis CH3 
H LDA 
; THF 
less substituted C -78 °C 


major product 


kinetic enolate | 


e A kinetic enolate is formed with a strong, nonnucleophilic base (LDA) in a polar aprotic 
solvent (THF) at low temperature (-78 °C). 
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Thermodynamic Enolates 


A thermodynamic enolate is favored by equilibrating conditions. This is often achieved using 
a strong base in a protic solvent. A strong base yields both enolates, but in a protic solvent, eno- 
lates can also be protonated to re-form the carbonyl starting material. At equilibrium, the lower 
energy intermediate always wins out, so that the more stable, more substituted enolate is pres- 
ent in higher concentration. Thus, the thermodynamic enolate is favored by: 


[1] A strong base. Na*~OCH,CH3;, K*~OC(CHs3)3, or other alkoxides are common. 
[2] Protic solvent. CH;CH,OH or other alcohols. 
[3] Room temperature (25 °C). 


O 
CH3 Nat Nat“OCH.CH = CHs 
~CH3CHZ0H 
25 °C 
more substituted C major product 


thermodynamic enolate | 


e A thermodynamic enolate is formed with a strong base (RO) in a polar protic solvent 
(ROH) at room temperature. 


Sample Problem 23.2 What is the major enolate formed in each reaction? 


(0) 
ll Na*-OCH,CH 
a. pen EA, b. 5 — 
CH3CH2CH; `CHa CH3CH2OH 
-78 °C 25 °C 
Solution 
a. LDA is a strong, nonnucleophilic base b. NaOCH,CH; (a strong base) and CH3,CH2OH 
that removes a proton on the less (a protic solvent) favor removal of a proton 
substituted a carbon to form the from the more substituted œ carbon to 
kinetic enolate. form the thermodynamic enolate. 
Q „— More substituted C 
C. 
CH,CH,CHS ~~CH3 o 
less substituted C 
| Nat -OCHCH3 
LDA, THF CH3CH2OH, 25 °C 
-78 °C -= 
O 
i O 
gos 
CH3CH,CHs `H, 
kinetic enolate thermodynamic enolate 


Problem 23.10 What enolate is formed when each ketone is treated with LDA in THF solution? What enolate is 
formed when these same ketones are treated with NaOCHs in CH3OH solution? 
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23.5 Racemization at the æ Carbon 


Recall from Section 16.5 that an enolate can be stabilized by the delocalization of electron density 
only if it possesses the proper geometry and hybridization. 


® The electron pair on the carbon adjacent to the C=O must occupy a p orbital that 
overlaps with the two other p orbitals of the C=O, making an enolate conjugated. 


e Thus, all three atoms of the enolate are sp” hybridized and trigonal planar. 


These bonding features are shown in the acetone enolate in Figure 23.2. 


Figure 23.2 sp? > 
ge $ a SP 
The hybridization and geometry o T- 


of the acetone enolate cis o = CHa— C «— lone pair in a p orbital 
Z S 
H H sp? 
acetone enolate three adjacent p orbitals 


e The O atom and both C’s of the enolate are sp? hybridized and lie in a plane. 
e Each atom has ap orbital extending above and below the plane; these orbitals overlap to 
delocalize electron density. 


When the & carbon to the carbonyl is a stereogenic center, treatment with aqueous base leads 
to racemization by a two-step process: deprotonation to form an enolate and protonation 
to re-form the carbonyl compound. For example, chiral ketone A reacts with aqueous “OH to 
form an achiral enolate having an sp? hybridized carbon. Because the enolate is planar, it can 
be protonated with H,O with equal probability from both directions, yielding a racemic mixture 


of two ketones. 
? 
H20 Cyn CH Cty 
planar carbon front oF h= new bond | 
R f 


ii i 
ee -OH on ii ia 
cH CH, HO CH, Me 


HO 


A ov C, ș-CH:CHo 
chiral starting material achiral enolate | behind of, A | newborns 


; racemic mixture 
[* denotes a stereogenic center.] 


Problem 23.11 Explain each observation: (a) When (2R)-2-methylcyciohexanone is treated with NaOH 
in H20, the optically active solution gradually loses optical activity. (b) When (3R)-3- 
methylcyclohexanone is treated with NaOH in H20, the solution remains optically active. 
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A Preview of Reactions at the œ Carbon 


Having learned about the synthesis and properties of enolates, we can now turn our attention to 
their reactions. Like enols, enolates are nucleophiles, but because they are negatively charged, 
enolates are much more nucleophilic than neutral enols. Consequently, they undergo a wider 
variety of reactions. 


Two general types of reactions of enolates—substitutions and reactions with other carbonyl 
compounds—will be discussed in the remainder of Chapter 23 and in Chapter 24. Both reactions 
form new bonds to the carbon © to the carbonyl. 


e Enolates react with electrophiles to afford substitution products. 


:0: new bond — 
X-X Il | 
:0: paet + X | Halogenation | 
a ie :0: a. 
_ Substitution reactions | Ae g IN re 
| at the œ carbon i tei [naw C-C bend | 
R-X I BE: -; 
enolate PRT + X- Alkylation | 
/\ 


Two different kinds of substitution reactions are examined: halogenation with X, and alkylation 
with alkyl halides RX. These reactions are detailed in Sections 23.7—23.10. 


e Enolates react with other carbonyl groups at the electrophilic carbonyl carbon. 


— 7 —_ 9 sat A IO: 
Reactions with other C fo Ree Ce Nye, 
carbonyl compounds | ~ ~G~ / ~"~C—C-C: 
| Nf I 
enolate new C-C bond > 


These reactions are more complicated because the initial addition adduct goes on to form differ- 
ent products depending on the structure of the carbonyl group. These reactions form the subject 
of Chapter 24. 


Halogenation at the a Carbon 


The first substitution reaction we examine is halogenation. Treatment of a ketone or aldehyde 
with halogen and either acid or base results in substitution of X for H on the & carbon, forming 
an O-halo aldehyde or ketone. Halogenation readily occurs with Cl), Brz, and I). 


[ i 
Halogenation Ne, X2 


/\ 
R =H or alkyl 
Xo = Clo, Bro, Ip 


| Example | 0 Q 
Ch Cl 
HCI, H2O 


a-halo aldehyde 
or ketone 


The mechanisms of halogenation in acid and base are somewhat different. 


e Reactions done in acid generally involve enol intermediates. 
e Reactions done in base generally involve enolate intermediates. 


23.7A 
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Halogenation in Acid 


Halogenation is often carried out by treating a carbonyl compound with a halogen in acetic 
acid. In this way, acetic acid is both the solvent and the acid catalyst for the reaction. 


Il Bro Il 


SG — pes + HBr 
CHy ~CHs CH;COOH CH4 ~`CHaBr 


substitution of one H by Br 


The mechanism of acid-catalyzed halogenation consists of two parts: tautomerization of the 
carbonyl compound to the enol form, and reaction of the enol with halogen. Mechanism 23.3 
illustrates the reaction of (CH3),C=O with Br, in CH,COOH. 


tA Mechanism 23.3 Acid-Catalyzed Halogenation at the œ Carbon 


Part [1] Tautomerization to the enol 


i eH {~O2CCH, ‘OH o In Part [1], the ketone is converted to its enol 
“LH = SL = Ax H rs tautomer by the usual two-step process: 
CH; `C m CH `C p CH ~C : 
N /\ CH,CO,H protonation of the carbonyl oxygen, followed 
a r— _ P A by deprotonation of the œ carbon atom. 
| protonation | | deprotonation | enol 


Part [2] Reaction of the enol with halogen 


COH BrÊBr 


-H 


AL [ae r 
CHy >e [3] CHG 


H 


Problem 23.12 


23.7B 


Reactions of carbonyl 
compounds with base 
invariably involve enolates 
because the a hydrogens of 
the carbonyl compound are 
easily removed. 


C nBr ——> T aa + HBr 


e In Part [2], addition of the halogen to the enol 
followed by deprotonation forms the neutral 
substitution product (Steps [3]-[4]). The overall 
process results in substitution of H by Br on 


:0: new bond | 
pe 


Q [4] 


HH HH the a carbon. 


a-bromoacetone 


Draw the products of each reaction. 
Cls CHO Brz Bro 
ii C0 mon N CH,COH CHCOOH 


Halogenation in Base 


Halogenation in base is much less useful, because it is often difficult to stop the reaction after 
addition of just one halogen atom to the œ carbon. For example, treatment of propiophenone with 
Br, and aqueous “OH yields a dibromo ketone. 


F T 
C C CH 
SCHCH Brz > 3 
"OH Br Br 
propiophenone l 


Both œ H's are replaced by Br. 


The mechanism for introduction of each Br atom involves the same two steps: deprotonation with 
base followed by reaction with Br, to form a new C—Br bond, as shown in Mechanism 23.4. 
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{5 Mechanism 23.4 Halogenation at the œ Carbon in Base 


iO: 
It 


Cy X- a. 
i ie ` 
H Hoy 


propiophenone 


Although all ketones with œ 
hydrogens react with base and 
Iz, only methyl ketones form 
CHI; (iodoform), a pale yellow 
solid that precipitates from the 
reaction mixture. This reaction 
is the basis of the iodoform 
test, once a common chemical 
method to detect methyl 
ketones. Methyl ketones 

give a positive iodoform test 
(appearance of a yellow solid), 
whereas other ketones give 

a negative iodoform test (no 


change in the reaction mixture). 


203 eile pelt ‘0: e Treatment of the ketone with base 
=/CH [2] C H forms a nucleophilic enolate in 
or Sapen t => O k ‘ahs er- Step [1], which reacts with Br, 
H zie 2 =BrH (the electrophile) to form the 
+ M0; monosubstitution product—that is, 
enolate Sa ir one o H is replaced by one Br on the 


a carbon. 


Only a small amount of the enolate forms at equilibrium using “OH as base, but the enolate is 
such a strong nucleophile that it readily reacts with Br, thus driving the equilibrium to the right. 
Then, the same two steps introduce the second Br atom on the œ carbon: deprotonation fol- 
lowed by nucleophilic attack. 


:0: :0: pr Lhe :0: 


| Il 
CX, CHs _ C, „-CHs 
re M + Br 
Br H=—s6y Br Br 
disubstitution 


product 


asbromoproplophenone | The electronegative Br 
stabilizes the negative charge. 


It is difficult to stop this reaction after the addition of one Br atom because the electron- 
withdrawing inductive effect of Br stabilizes the second enolate. As a result, the a H of 
o-bromopropiophenone is more acidic than the œ H atoms of propiophenone, making it easier 
to remove with base. 


Halogenation of a methyl ketone with excess halogen, called the haloform reaction, results in 
cleavage of a carbon-carbon © bond and formation of two products, a carboxylate anion and 
CHX; (commonly called haloform). 


_ The haloform reaction Q Xə (excess) ? 
C aa C + 


= jers -OH Ro 5 
carboxylate haloform 
| This C-C bond is cleaved. | anion 
oO (0) 
Example z| ll 
CCH, I ~o- 
3 > (excess) m HCI, 
-OH iodoform 


In the haloform reaction, the three H atoms of the CH; group are successively replaced by X to 
form an intermediate that is oxidatively cleaved with base. Mechanism 23.5 is written with I, as 
halogen, forming CHI, (iodoform) as product. 
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e Mechanism 23.5 The Haloform Reaction 


Part [1] The conversion of CH3 to Cl; 


10: ‘Q: p° :0% :0: e In Part [1], each of the three hydrogen atoms 
f the CH3 group is replaced with iodine via the 
C = C aH C Cua S 3 ; , 
RAN g =. a = Aan et > Rl ~C~ two-step mechanism previously discussed — 
7 [1] [2] N repeat 2X: 7 : a 
HHss,. H IH — Steps [12] II that is, deprotonation followed by 
‘OH enolate +r halogenation to form the substitution product. 
+ H20: e Steps [1] and [2] are then repeated twice more 


to form the triiodo substitution product. 


Part [2] Oxidative cleavage with OH 


oF ‘05 iQ: 10 e In Step [3], “OH adds to the carbonyl group in 
os [3] R-CcCly [4] Bm [5] ere a typical nucleophilic addition reaction of a 
RO “Cis ‘OH a ee Ro Q ketone, but the three I atoms give this ketone 
HÖF i = | “Ol + a good leaving group, “Cl. 
| leaving group | Mi M ° Elimination of “CI, in Step [4] results in 


Problem 23.13 


Figure 23.3 

Summary: Halogenation 
reactions at the œ carbon to a 
carbonyl group 


cleavage of a carbon-carbon bond, and 
then in the last step, proton transfer forms the 
carboxylate anion and iodoform. 


Steps [3] and [4] result in a nucleophilic substitution reaction of a ketone. Because ketones 
normally undergo nucleophilic addition, this two-step sequence makes the haloform reaction 
unique. Substitution occurs because the three electronegative halogen atoms make CX; (CI in 
the example) a good leaving group. 


Figure 23.3 summarizes the three possible outcomes of halogenation at the « carbon, depending 


on the substrate and chosen reaction conditions. 


Draw the products of each reaction. Assume excess halogen is present. 


ie) 
O 


Bry, OH Ip, “OH ss Ip, OH 
a. —— b. es i —- 


[1] Halogenation in acid 


f oe 8 
R” “CH, CHCOOH R° ~CH,X 


| monosubstitution on the œ carbon 


[2] General halogenation in base 


oO ee 
6 —% . 6 CH polysubstitution on the a carbon 
R° ~CH2CH, “OH | ae o 


[3] Halogenation of methyl ketones with excess X, and base 


O x (0) F 
3 l s 2 ai pa + HOX | oxidative cleavage | 
Rl CH, OH R o 


haloform 
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23.7C Reactions of œ-Halo Carbonyl Compounds 


a-Halo carbonyl compounds undergo two useful reactions—elimination with base and substi- 
tution with nucleophiles. 


For example, treatment of 2-bromocyclohexanone with the base Li,CO, in the presence of LiBr 
in the polar aprotic solvent DMF [HCON(CH3),] affords 2-cyclohexenone by elimination of the 
elements of Br and H from the o and B carbons, respectively. Thus, a two-step method can convert 
a carbonyl compound such as cyclohexanone into an o,$-unsaturated carbonyl compound such 
as 2-cyclohexenone. 


Oo O 
a œ Br , aii = 
Bro Li,CO3 g A new x bond is 
CHCOOH B LiBr B formed in two steps. 
DMF i 
cyclohexanone [1] 2-bromocyclohexanone [2] 2-cyclohexenone 
| halogenation elimination | 


[1] Bromination at the & carbon is accomplished with Br, in CHCOOH. 


B-Unsaturat Ser ai? ake 
ee ee [2] Elimination of Br and H occurs with Li;CO, and LiBr in DMF. 


compounds undergo a variety 

of 1,2- and 1,4-addition o-Halo carbonyl compounds also react with nucleophiles by Sy2 reactions. For example, reac- 

reactions as discussed in tion of 2-bromocyclohexanone with CH;NH) affords the substitution product A. A related intra- 

Section 20.15. molecular nucleophilic substitution of an o-halo ketone was a key step in the synthesis of the 
antimalarial drug quinine, as shown in Figure 23.4. 


(0) (6) 
Br NHCH, 
CH3NH2 
— 
Sy2 
2-bromocyclohexanone A 


Problem 23,14 Draw the organic products formed when 2-bromo-3-pentanone (CHgCHzCOCHBrCH,) is treated 
with each reagent: (a) Li,CO3, LiBr, DMF; (b) CHsCHsNHb»; (c) CH3SH. 


Problem 25.15 Identify the product M of the following two-step reaction sequence. M was converted to the 
hallucinogen LSD (Figure 18.4) in several steps. 


O 0 
fo) Br ><__NHCHg 
CH3CO,H M LSD 
SA (Section 18.5) 
N 
\ 
COCsHs 
Figure 23.4 A A 

Intramolecular nucleophilic a/u 
substitution in the synthesis 
of quinine 

CH,O CHO 


NaOH 


intramolecular Sy2 


quinine 


è Intramolecular Sy2 reaction of a nitrogen nucleophile with an a-halo ketone affords a compound that 
can be converted to quinine in a single step. The new C-N bond on the o carbon is labeled in red. 
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23.8 Direct Enolate Alkylation 


Treatment of an aldehyde or ketone with base and an alkyl halide (RX) results in alkylation—the 
substitution of R for H on the & carbon atom. Alkylation forms a new carbon-carbon bond on 
the carbon. 


: — n _ 0 10] 
i jl ; l 
| Alkylation at the œ carbon | SoH [1] :B Ave + xX 4 HB 
/\ ‘| 


| new C-C bond | 


23.8A General Features 


We will begin with the most direct method of alkylation, and then (in Sections 23.9 and 23.10) 
examine two older, multistep methods that are still used today. Direct alkylation is carried out by 
a two-step process: 


:Q: ‘0: rik :0: 
Co H [n] Sa a Bl e C A s 
ANE + LDA HE” ot aa 52 “on + X 
/\ -78 °C | /\ 
Î nucleophile | R = CH3 or 1° alkyl 


| deprotonation | | nucleophilic attack | 


[1] Deprotonation: Base removes a proton from the œ carbon to generate an enolate. The reac- 
tion works best with a strong nonnucleophilic base like LDA in THF solution at low tem- 
perature (—78 °C). 

[2] Nucleophilic attack: The nucleophilic enolate attacks the alkyl halide, displacing the halide 
(a good leaving group) and forming the alkylation product by an Sy2 reaction. 


Because Step [2] is an Sy2 reaction, it works best with unhindered methyl and 1° alkyl halides, 
Hindered alkyl halides and those with halogens bonded to sp” hybridized carbons do not undergo 


substitution. 
a è o O A O | new C-C bond | 
RCX, CH2=CHX, and CgHsX "Examples | i LDA 77 CHa -Br i 
j —— Ben a ONE aks, = 
do not undergo alkylation CHZ ~~CH3 a CHz `GH CH% “CH=CH; + Br 


reactions with enolates, 


i ee [6] oO 
because they are unreactive in 
Sy2 reactions. Avex a 


LDA, | + Cr 


THF” 
-78 °C 
[ new C-C bond | 


Ester enolates and carbanions derived from nitriles are also alkylated under these conditions. 


= 4 | new C-C bond | 
fe) fe) [y a) — 
"Esters | 4 LDA 4 fener Be g 
CH,O0~ ~CH, an CH0” CH, CH,0~ ~CH2~CH,CH, + Br 
-78 ° 
HH T (x H CH, "new C-C bond 
g 3 CH3—Br \ fe new C-C bond 


G CHy~ 
| Nitriles | Coon T SON Cy Sen : 
THE” —— = + Br 
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Problem 23.16 What product is formed when each compound is treated first with LDA in THF solution at low 
temperature, followed by CH3CHsI? 


o 
0 O 
a. wx, b. è d: —CHCHCN 
CH,CHZ ^CHCH3 e ane 


The stereochemistry of enolate alkylation follows the general rule governing the stereochemistry 
of reactions: an achiral starting material yields an achiral or racemic product. For example, 
when cyclohexanone (an achiral starting material) is converted to 2-ethylcyclohexanone by treat- 
ment with base and CH3CHyl, a new stereogenic center is introduced, and both enantiomers of 
the product are formed in equal amounts—that is, a racemic mixture. 


oO (6) 
° C CH CHCH s CHCH 
[1] LDA, THF, -78 °C, oe am Bees ; Sa eg 
~ RICHCHI CH,CH,I 
ne new sila center Two enantiomers are formed 


in equal amounts. 


Problem 23.17 Draw the products obtained (including stereochemistry) when each compound is treated with LDA, 
followed by CHsgl. 


(6) 
ie) 
Cr Pig Pec Ma ieee 
a. b. c. 


Problern 23.18 The analgesic naproxen can be prepared by a stepwise reaction sequence from ester A. Using 
enolate alkylation in one step, what reagents are needed to convert A to naproxen? Write the 
structure of each intermediate. Explain why a racemic product is formed. 


CO,CH,CH, COH 
a 
CHO CH,O 


A naproxen 


23.8B Alkylation of Unsymmetrical Ketones 


An unsymmetrical ketone can be regioselectively alkylated to yield one major product. The 
strategy depends on the use of the appropriate base, solvent, and temperature to form the kinetic 
or thermodynamic enolate (Section 23.4), which is then treated with an alkyl halide to form the 
alkylation product. 


For example, 2-methylcyclohexanone can be converted to either 2,6-dimethylcyclohexanone (A) 
or 2,2-dimethylcyclohexanone (B) by proper choice of reaction conditions. 


e Treatment of 2-methylcyclohexanone with LDA in THF solution at —78 °C gives the less 
substituted kinetic enolate, which then reacts with CH3I to form A. 


 ¢ (8) — 0 
H CH CH CH CH 
s LDA 7 2 CHs~I =a : 
———_ + r 
THF 
-78 °C ea : 
2-methyl- kinetic enolate 2,6-dimethylcyclohexanone 


cyclohexanone A 
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¢ Treatment of 2-methylcyclohexanone with KOC(CH;), in (CH;),;COH solution at room 
temperature forms the more substituted thermodynamic enolate, which then reacts with 


CHI to form B. 
— ie) e 4 
HH | =CHs CH, | 
CH, _KOC(CHs)s CH3-1 Ch 4 r 
(CH3) COH 
2-methyl- 25°C thermodynamic 2,2-dimethylcyclohexanone 
cyclohexanone enolate B 


(low concentration) 


Finally, while enolate alkylation at the less substituted o carbon using LDA is a reliable regio- 
selective reaction, enolate alkylation at the more substituted œ carbon with KOC(CH;)3 may 
lead to mixtures of products. Regioselectivity depends on the identity of the substrate and the 
experimental parameters, which sometimes must be carefully monitored to maximize the yield 
of the desired alkylation product. 


Problem 23.19 How can 2-pentanone be converted into each compound? 
O (0) (0) 
a. pa a b, ~AN C. Sinai ai d. ~~~ 


23.8C Application of Enolate Alkylation: Tamoxifen Synthesis 


Tamoxifen, the chapter-opening molecule, is a potent anticancer drug that has been used to treat 
certain forms of breast cancer for many years. One step in the synthesis of tamoxifen involves 
the treatment of ketone A with NaH as base to form an enolate. Alkylation of this enolate with 
CH,CH.,I forms B in high yield. B is converted to tamoxifen in several steps, some of which are 
reactions you have already learned. 


OCH, 


NOC 0591-2232-18 


Tamoxifen Citrate » 


Tablets, USP Br 
Toms @ hd 
Equivalent to 10 mg taman 


Watson® oda) mee 


CH3CHgI 
Tamoxifen has been OT N(CH a) 
commercially available since OCH 
the 1970s, sold under the 3 
brand name of Nolvadex. 
) pe several _ 
(> “Steps 
H beara 
tamoxifen B 


Only the Z isomer of the C=C 
provides beneficial effects. 
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Problem 22.20 Identify A, B, and C, intermediates in the synthesis of the five-membered ring called an 
a-methylene-y-butyrolactone. This heterocyclic ring system is present in some antitumor agents. 
CHo 


LDA CHgI Bro Li,CO, 
O jor” A > B eC — O 
o CH3CO2H LiBr o 


a-methylene- 
y-butyrolactone 


23.9 Malonic Ester Synthesis 


Besides the direct method of enolate alkylation discussed in Section 23.8, a new alkyl group can 
also be introduced on the œ carbon using the malonic ester synthesis and the acetoacetic ester 


synthesis. 


¢ The malonic ester synthesis prepares carboxylic acids having two general structures: 


R—CH,COOH | | R-CHCOOH | 
R' 


e The acetoacetic ester synthesis prepares methyl ketones having two general structures: 


fe) 
g 
R-CH; ~CH, 


23.9A Background for the Malonic Ester Synthesis 


e The malonic ester synthesis is a stepwise method for converting diethyl malonate into 
a carboxylic acid having one or two alkyl groups on the œ carbon. 


To simplify the structures, the CH;CH), groups of the esters are abbreviated as Et. 


H H H H 
Malonic ester l PS l | | 
synthesis H-C—COOCH,CH3; = H-C-—COOEt ——> i een or R-G-COOH 
COOCH,CH3 COOEt H R' 
diethyl malonate [CH3CHp = Et] 1 ; dadl 
| from RX | "from RX and R'X | 


Before writing out the steps in the malonic ester synthesis, recall from Section 22.11 that esters 
are hydrolyzed by aqueous acid. Thus, heating diethyl malonate with acid and water hydrolyzes 
both esters to carboxy groups, forming a B-diacid (1,3-diacid). 


H 
| H,0* | 
HA GSOet He -200n + EtOH 
COOEt " Hydrolyze COOH (2 equiv) 
diethyl malonate | the diester. malonic acid 


B-diacid 


Problem 23.27 


23.9B 
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The resulting B-diacids are unstable to heat. They decarboxylate (lose CO,), resulting in cleav- 
age of a carbon-carbon bond and formation of a carboxylic acid. Decarboxylation is not a gen- 
eral reaction of all carboxylic acids. It occurs with B-diacids, however, because CO, can be 
eliminated through a cyclic, six-atom transition state. This forms an enol of a carboxylic acid, 
which in turn tautomerizes to the more stable keto form. 


‘i | ji re-draw i P z A P r pa 
Decarboxylation | i- c-coou -T0 H-G;7Q — cH = CHC 
of a B-diacid l KIA N \, 
| COOH O=C. <2) OH OH 


B-diacid (8; 


The net result of decarboxylation is cleavage of a carbon—carbon bond on the © carbon, 
with loss of CQ). 


H 
= | H-Ġ-cooH =ê» cH P + co 
| This C-C bona 39 a 2 
is broken. COOH OH 
B-diacid 


Decarboxylation occurs readily whenever a carboxy group (COOH) is bonded to the carbon of 
another carbonyl group. For example, B-keto acids also readily lose CO, on heating to form ketones. 


| This C-C bond 
is broken. H 
i | VCP ‘ia 
at COOH FaN 
re-draw o A tautomerization 
EEA =S +, ae 
B-keto acid enol 
+ CO, 


Which of the following compounds will readily lose CO. when heated? 
COOH 

CL 
COOH 


Steps in the Malonic Ester Synthesis 


COOH 


(0) 
& A~ A coo d, 


COOH 
COOH 


The malonic ester synthesis converts diethyl malonate to a carboxylic acid in three steps. 


Q | new C-C bond | 


RtX R 
‘A 2] ae (3] 
H-G-GOOEt + H-C-COOE — > 
| Sy2 | H30 
COOEt | COOEt 4 


+ EtOH LK | 


We TOE 

‘i 1 
H-G-COOEt m, 
COOEt 


diethyl malonate 


R-CH,COOH 


+ CO; 


| 
+ EtOH 
(2 equiv) 


hydrolysis 
and 
decarboxylation 


| alkylation 


deprotonation | 
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[1] Deprotonation. Treatment of diethyl malonate with “OEt removes the acidic œ proton 
between the two carbonyl groups. Recall from Section 23.3A that these protons are more 
acidic than other œ protons because three resonance structures can be drawn for the enolate, 
instead of the usual two. Thus, OEt, rather than the stronger base LDA, can be used for this 


reaction. 
1:0: 3:0: OF O: 0: 
fol of 7 
EtO~ om OEt EtO~ a OEt EO” Da “OEt 
H H H 


three resonance structures for the conjugate base 


[2] Alkylation. The nucleophilic enolate reacts with an alkyl halide in an Sy2 reaction to form 
a substitution product. Because the mechanism is Sy2, the yields are higher when R is CH; 
or a 1° alkyl group. 

[3] Hydrolysis and decarboxylation. Heating the diester with aqueous acid hydrolyzes the 
diester to a B-diacid, which loses CO, to form a carboxylic acid. 


The synthesis of butanoic acid (CH;CH,CH,COOH) from diethyl malonate illustrates the basic 
process: 


| new C-C bond | 
H ~S CHCH 
H-C-COOEt JUNON a H C oooi er, CH3CH -cH COOH | 
l [2] CHCH3Br i A | cH | etl | 
COOEt COOEt t A 
diethyl malonate from from 
CH3CHBr CH2(COZEt). 


If the first two steps of the reaction sequence are repeated prior to hydrolysis and decarboxyl- 
ation, then a carboxylic acid having two new alkyl groups on the & carbon can be synthesized. 
This is illustrated in the synthesis of 2-benzylbutanoic acid [CH;CH,CH(CH,CsH;)COOH] from 
diethyl malonate: 


| first new c-c bond | _ second new C-C bond | 


NCH H 
H-¢-cooer —Lt/Nadet te we TNE Hit l ae 
i [2] CH3CH,Br [2] CeH5CH;CI oe 
COOEt COOEt COOEt 


diethyl malonate | H,0* 
A 


CHCH} ~<—from CH3;CH2Br 
r = 

from CgHsCH»Cl— | CeHCHo--C-COOH | 
DAE A ai 


from 
CH2(COZEt)o 
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An intramolecular malonic ester synthesis can be used to form rings having three to six atoms, 
provided the appropriate dihalide is used as starting material. For example, cyclopentanecarbox- 
ylic acid can be prepared from diethyl malonate and 1,4-dibromobutane (BrCH,CH,CH,CH)Br) 
by the following sequence of reactions: 


CH,(COZEt)s 
Br | NaOEt r 
| Intramolecular E COOEt — S COOEt 
malonic ester “1C—COOEt -NAVEL COOEt 
synthesis | COOEt ) 
y COOEt 
Br Br + NaBr Br 


| new c-c bonds 


(coon H30* Scan 
A COOEt 


cyclopentane- + NaBr 
carboxylic acid 
+ EtOH + CO, 
(2 equiv) 
Problem 23.22 Draw the products of each reaction. 
1] NaOEt H,0* 1]NaOEt [1] NaOEt H,0O* 
a. CHA(CO,Et, aae __, ir i GH,teo.cp, DESS, MoR, ae, 


[2] on A [2] CHBr [2] CHBr A 


Problem 23.23 What cyclic product is formed from each dihalide using the malonic ester synthesis: 
(a) CICHCH2CH2Cl; (b) (BrCH2CH3)20? 


23.9C Retrosynthetic Analysis 


To use the malonic ester synthesis you must be able to determine what starting materials are 
needed to prepare a given compound—that is, you must work backwards in the retrosynthetic 
direction. This involves a two-step process: 


[1] Locate the œ carbon to the COOH group, and identify all alkyl groups bonded to the 
& carbon. 

[2] Break the molecule into two (or three) components: Each alkyl group bonded to the 
a carbon comes from an alkyl halide. The remainder of the molecule comes from 
CH2(COOE?t)>. 


| 


| 


fe] = _ 
H-+Gz-COOH | =— | CH,(COOE), j 


H 
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Sample Problem 23.3 What starting materials are needed to prepare 2-methylhexanoic acid [CH;CH2CH,CH»2CH(CH,)COOH] 
using a malonic ester synthesis? 


Solution 
The target molecule has two different alkyl groups bonded to the « carbon, so three components 
are needed for the synthesis: 


| CH, | =—> CHI 
CH,CH2CH,CH,~-Cg-COOH | == CH,(CO,Et), 
| + 
CH,CHCH,CH,Br 


Writing the synthesis in the synthetic direction: 


| 1] NaQEt ri 1] NaOEt e 8 H,0* g 
H-C-cooet HINO Lb coor {Ma CH3(CH,)s—C-COOEt —2— +» CH,(CH,)s-C—COOH 

[2] CHsl [2] CHg(CHp)gBr |ant) A i 

COOEt COOEt COOEt H 


Problem 23.24 What alkyl halides are needed to prepare each carboxylic acid by the malonic ester synthesis? 


a. (CH3),>CHCH,CH,CH,CH,CH;COOH b. COOH c. (CHsCH,CH,CH,),CHCOOH 


Problem 23.25 Explain why each of the following carboxylic acids cannot be prepared by a malonic ester 
synthesis: (a) (GH3)s;CCHsCOOH; (b) CsHsCH»COOH; (c) (CHs)sCCOOH. 
23.10 Acetoacetic Ester Synthesis 


e The acetoacetic ester synthesis is a stepwise method for converting ethyl acetoacetate 
into a ketone having one or two alkyl groups on the a carbon. 


= (6) O O 
Acetoacetic ester A i m 
oe — = “es or Om 
Lex euniesls: CH “CH, CHS ~~CH,-R CHy “CHR 
COOEt | R' | 
ethyl acetoacetate t 


from RX from RX and R'X — 


23.10A Steps in the Acetoacetic Ester Synthesis 


oO ọỌ The steps in the acetoacetic ester synthesis are exactly the same as those in the malonic ester 
z Ae? ges synthesis. Because the starting material, CH;COCH,COOEt, is a B-keto ester, the final product 
o. is a ketone, not a carboxylic acid. 
P-keto ester m 
. new C-C bond 
fe) =e (6) (+ O \ O 
ji ans il Li il il 
„O gh Et een a Gat cs 
CH; “CH — > CH; E — > CH; “CH — > CH ~CH,-R 
i 1 i Sy2 i H,O 
COOEt COOEt COOEt A 
ethyl acetoacetate | + EtOH | +X fi + CO, + EtOH 
_ deprotonation alkylation | hydrolysis 
' and | 


decarboxylation 
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[1] Deprotonation. Treatment of ethyl acetoacetate with “OEt removes the acidic proton 
between the two carbonyl groups. 

[2] Alkylation. The nucleophilic enolate reacts with an alkyl halide (RX) in an Sy2 reaction to 
form a substitution product. Because the mechanism is Sy2, the yields are higher when R is 
CH; or a 1° alkyl group. 

[3] Hydrolysis and decarboxylation. Heating the B-keto ester with aqueous acid hydrolyzes 
the ester to a B-keto acid, which loses CO) to form a ketone. 


If the first two steps of the reaction sequence are repeated prior to hydrolysis and decarboxyl- 
ation, then a ketone having two new alkyl groups on the & carbon can be synthesized. 


I- — 


| first new C-C bond | | second new C-C bond 
(@) (0) (6) 
GH [1] NaOEt C JR [1] NaOEt č H,0* č 
HZ soch HZ SiH 2 SCR 3 ANIN, H-R 
cH y [2] RX CHs "Y [2] R'X $ A =“ 
COOEt COOEt COOEt R' 
ethyl acetoacetate 
Problem 23.26 What ketones are prepared by the following reactions? 
10) (0) 
i [1] NaOEt n i [1] NaOEt 
a. nar e . 70x 
CHI ~CH,CO,Et [2] CHI CH4 `CHCO,Et [2] CHgCH,CH,Br 
[3] H3O*, A [3] NaOEt 
[4] CgHsCHol 


[5] H30%, A 


23.10B Retrosynthetic Analysis 


To determine what starting materials are needed to prepare a given ketone using the acetoacetic 
ester synthesis, you must again work in the retrosynthetic direction. This involves a two-step 
process: 


[1] Identify the alkyl groups bonded to the « carbon to the carbonyl group. 


[2] Break the molecule into two (or three) components: Each alkyl group bonded to the 
a carbon comes from an alkyl halide. The remainder of the molecule comes from 
CH3COCH,COOEt. 


. For a ketone with two R groups on the o carbon, 
three components are needed. 
oO 


Sample Problem 23.4 What starting materials are needed to synthesize 2-heptanone using the acetoacetic ester 
synthesis? 


(6) 
l 


CH% ~CH»CH,CH,CH,CH, 
2-heptanone 


O= 
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Solution 


2-Heptanone has only one alkyl group bonded to the a carbon, so only one alkyl halide is needed 
in the acetoacetic ester synthesis. 


(0) | fe) 
ll 1 
209 A — A ; rae am. 
CH3 CH CH3 ~CH,--CH2CHsCH,CH, ===> CH 3CH2CH2CH,Br 
COOEt i ana 
Writing the acetoacetic ester synthesis in the synthetic direction: 
O 10) O 
GH [1] NaOet gH ; HOt C 
as ae PNI | 3 7s 
= E A E A —CH,CH2CH2CH — = 
CH5 Ç H [2] CH;CH;CH,CH,Br CH3 Ç 2CH2C 2CH3 | A CH3 ~CH,—CHsCH,CH2CH, 
COOEt COOEt 2-heptanone 


ethyl acetoacetate 


Problem 23.27 What alkyl halides are needed to prepare each ketone using the acetoacetic ester synthesis? 
Q 9 I 

a. 20x b. Pen 
CH% ~CH2CH,CH; CH% `“CH(CH;CH;)2 


Problem 23.28 Treatment of ethyl acetoacetate with NaOEt (2 equiv) and BrCH,CH,Br forms compound X. This 
reaction is the first step in the synthesis of illudin-S, an antitumor substance isolated from the 
jack-o’-lantern, a poisonous, saffron-colored mushroom. What is the structure of X? 


(0) 
q NaOEt Ist 
a several steps 
Ox “~ Br a peel dae ad ie 
CHS ~ ~CH,CO,Et Br (2 equiv) 


illudin-S 


The acetoacetic ester synthesis and direct enolate alkylation are two different methods that pre- 
pare similar ketones. 2-Butanone, for example, can be synthesized from acetone by direct enolate 
alkylation with CH3I (Method [1]), or by alkylation of ethyl acetoacetate followed by hydrolysis 
and decarboxylation (Method [2]). 


The jack-o’-lantern, source of 
the antitumor agent illudin-S 


ate n Wig i [1] LDA i The same product 
rect enolate alkylation p Saas — 
ky | cH ^ch, [2] CHa. CHS “CH, CH, is formed by two 


different routes. 


acetone 2-butanone | 
(0) ie) QO 
| Method [2] g H [1] NaOEt é H H30O* i 
Acetoacetic ester synthesis CHS ‘ee H [2] CHgl CHS v CH, “A CH4 “~CH,—CH, 
COOEt COOEt 2-butanone 


ethyl acetoacetate 


Why would you ever make 2-butanone from ethyl acetoacetate when you could make it in fewer 
steps from acetone? There are many factors to consider. First of all, synthetic organic chemists 
like to have a variety of methods to accomplish a single kind of reaction. Sometimes subtle 
changes in the structure of a starting material make one reaction work better than another. 


In the chemical industry, moreover, cost is an important issue. Any reaction needed to make a 
large quantity of a useful drug or other consumer product must use cheap starting materials. 
Direct enolate alkylation usually requires a very strong base like LDA to be successful, whereas 
the acetoacetic ester synthesis utilizes NaOEt. NaOEt can be prepared from cheaper starting 
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materials, and this makes the acetoacetic ester synthesis an attractive method, even though it 
involves more steps. 


Thus, each method has its own advantages and disadvantages, depending on the starting material, 
the availability of reagents, the cost, and the occurrence of side reactions. 


Problem 23.29 Nabumetone is a pain reliever and anti-inflammatory agent sold under the brand name of Relafen. 


[@) 
„OO 


nabumetone 


a. Write out a synthesis of nabumetone from ethyl acetoacetate. 
b. What ketone and alkyl halide are needed to synthesize nabumetone by direct enolate alkylation? 


KEY CONCEPTS O 


Substitution Reactions of Carbonyl Compounds at the a Carbon 


Kinetic Versus Thermodynamic Enolates (23.4) 


O 
= R Kinetic enolate 
e The less substituted enolate 


e Favored by strong base, polar aprotic solvent, low temperature: LDA, THF, -78 °C 
kinetic enolate 


(0) 


-R Thermodynamic enolate 
e The more substituted enolate 


e Favored by strong base, protic solvent, higher temperature: NaOCHsCH3, CH3CH2OH, room temperature 
thermodynamic 


enolate 


Halogenation at the o Carbon 
[1] Halogenation in acid (23.7A) 


R/ oe CHCOOH e The reaction occurs via enol intermediates. 
/\ e Monosubstitution of X for H occurs on the carbon. 


Xp =Clo, Bry, or I, | o-halo aldehyde 
or ketone 


[2] Halogenation in base (23.7B) 


(0) 
é Bee, e The reaction occurs via enolate intermediates. 
RO ‘oe -OH e Polysubstitution of X for H occurs on the o carbon. 
H H 


Xo = Clo, Bro, or Ip 
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[3] Halogenation of methyl ketones in base—The haloform reaction (23.7B) 


? X, (excess) e The reaction occurs with methyl ketones and results in 
a CH -OH cleavage of a carbon-carbon o bond. 
$ haloform 


Xo = Clo, Bro, or Ip 


Reactions of a-Halo Carbonyl Compounds (23,7C) 
[1] Elimination to form «,B-unsaturated carbonyl compounds 


(0) (6) 
LisCO, | 
Oo —__=_» A 
ange libre 4 P 


Br DMF i 


e Elimination of the elements of Br and H forms a new n 
bond, giving an o,B-unsaturated carbonyl compound. 


[2] Nucleophilic substitution 


Oo e The reaction follows an Sy2 mechanism, generating an 


O 
R Jg sr ENU = Aanu a-substituted carbonyl compound. 


Alkylation Reactions at the œ Carbon 
[1] Direct alkylation at the œ carbon (23.8) 


Q [1] Base | Q e The reaction forms a new C-C bond to the o carbon. 
eH RX p gR EX e LDA is a common base used to form an intermediate 
| IN enolate. 


e The alkylation in Step [2] follows an Sy2 mechanism. 


[2] Malonic ester synthesis (23.9) 


[1] NaOEt 


R-CH,COOH | 
Qa 


H [2] RX 
l [3] H3O*, A e The reaction is used to prepare carboxylic acids with 
H-—C—COOEt = 
[2 = one or two alkyl groups on the œ carbon. 
GOOF [i] Naom [1] NaOEt a e The alkylation in Step [2] follows an Sy2 mechanism. 
diethyl malonate [2] AX [2] R'X R- GHOOOH 
[3] HgO*, A R' 


[3] Acetoacetic ester synthesis (23.10) 


[1] NaOEt 9 


fe) [2] RX CHS SCHR 
l aH [3] H,0*, A | 
CH% `CŹH 
COOEt e The reaction is used to prepare ketones with one or two 
ethyl acetoacetate [1] NaOEt [1] NaOEt alkyl groups on the œ carbon. 
[2] RX [2] R'X e The alkylation in Step [2] follows an Sy2 mechanism. 


[3] HgO*, A 
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PROBLEMS | O 


Problems Using Three-Dimensional Models 


23.30 Draw enol tautomer(s) for each compound. Ignore stereoisomers. 
@ C] @ 
o o o è g 
a, @ a J b. 1 al ® i E) yy =) 
v â vy LA ww £ 
23.31 The cis ketone A is isomerized to a trans ketone B with aqueous NaOH. A similar isomerization does not occur with ketone C. 
(a) Draw the structure of B using a chair cyclohexane. (b) Label the substituents in C as cis or trans, and explain the difference 


in reactivity. 
7 ® = 9 
v e Y @ ~ “gers 3 3 
w w P 
vd a) g9 ra = ) g9 
< s 7 D id 
SP. € Pe E € 9" ee 
w v M w e) j @ 
v v 
A Cc 


Enols, Enolates, and Acidic Protons 


23.32 Draw enol tautomer(s) for each compound. 


O. O 
a. OY b. CHsCH,CH»CH,CO,CH,CH3 c. (mono enol form) d. CH;CH2ÇHCOOH 
O 
CHa 


23.33 Both 2,4-pentanedione and ethyl acetoacetate have two carbonyl groups separated by a single carbon atom. Although an 
equilibrium mixture of 2,4-pentanedione tautomers contains 76% of the enol forms, an equilibrium mixture of ethyl acetoacetate 
tautomers contains only 8% of the enol forms. Suggest a reason for this difference. 


(0) ie) (0) O 
AKA Pad gegen 


2,4-pentanedione ethyl acetoacetate 


23.34 What hydrogen atoms in each compound have a pK, < 25? 


fo) 
H 
a. CH3CH/CHzCOCH(CH3)z c. XY e. NC & 
OH CHCH} 
O 
b. Ax d. cwo omon f OA 
HOOC 


(0) 


23.35 Rank the labeled protons in each compound in order of increasing acidity. 
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23.36 


23.37 


23.38 


23.39 


23.40 


23.41 
23.42 
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What is the major enolate (or carbanion) formed when each compound is treated with LDA? 
O oO 
12) 
CN 
K OCH, F O~ a 
fe) oO [6] 
How could IR spectroscopy be used to detect the presence of enol tautomers? 


Why is the pKa of the Ha protons in 1-acetylcyclohexene higher than the pK, of the Hp protons? 


O 
Ha Hb 
Ha Hp 


1-acetylcyclohexene 


Explain why 5,5-dimethyl-1,3-cyclohexanedione exists predominantly in its enol form, but 2,2-dimethyl-1,3-cyclohexanedione 
does not. 
joes n o o 
Q, O 
5,5-dimethyl-1,3- 2,2-dimethyl-1,3- 
cyclohexanedione cyclohexanedione 


Acyclovir is an effective antiviral agent used to treat the herpes simplex virus. (a) Draw the enol form of acyclovir, and explain 
why it is aromatic. (6) Why is acyclovir typically drawn in its keto form, despite the fact that its enol is aromatic? 


oO 
HN N 
SS N OH 
HN” ON Lg g 
acyclovir 


Explain why the « protons of an ester are less acidic than the œ protons of a ketone by ~5 pKa units. 


Explain why 2,4-pentanedione forms two different alkylation products (A or B) when the number of equivalents of base is 
increased from one to two. 


(6) O (8) 0 (0) 0 
[1] base (1 equiv) [1] base (2 equiv) 
as 21 CHI Pet BI CHal ” CHI AA 
[3] H2O [3] H2O 


A 2,4-pentanedione B 
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Halogenation 


23.43 Acid-catalyzed bromination of 2-pentanone (CH3COCH2CH2CHs) forms two products: BrCHzCOCH2CH2CHs; (A) and 
CH3COCH(Br)CH2CH; (B). Explain why the major product is B, with the Br atom on the more substituted side of the 
carbonyl group. 


23.44 Draw a stepwise mechanism for each reaction. 


Br 
Bro Ip (excess) Oo 
a. CH;CO.H + HBr b. “OH + CHI, 


Malonic Ester Synthesis 


23.45 What alkyl halides are needed to prepare each carboxylic acid using the malonic ester synthesis? 


23.46 Use the malonic ester synthesis to prepare each carboxylic acid. 


a. CHgCHsCHsCH,CH,CH,COOH b. P S c. COOH 
3CH2CH2CH2CH2CH3 COOH Ann 


23.47 Devise a synthesis of valproic acid [(CH3CH2CH2)2CHCO>H], a medicine used to treat epileptic seizures, using the malonic 
ester synthesis. 


23.48 Synthesize each compound from diethyl malonate. You may use any other organic or inorganic reagents. 
CH, 


l CH3 
a. (coor b. ()-cH0H c. ( e-on d. ( Ya 


CHa 


23.49 The enolate derived from diethyl malonate reacts with a variety of electrophiles (not just alkyl halides) to form new carbon- 
carbon bonds. With this in mind, draw the products formed when Na*~CH(COOEt), reacts with each electrophile, followed by 
treatment with H20. 


O 
a Z\ b. CH»=0 G y d@C 
CH, i CH; ci CH; `o ~CH, 


Acetoacetic Ester Synthesis 


23.50 What alkyl halides are needed to prepare each ketone using the acetoacetic ester synthesis? 


23.51 Synthesize each compound from ethyl acetoacetate. You may use any other organic or inorganic reagents. 


(0) (0) 10] (8) 
Il tl I Il 


a. C bs =. aG i C d. C 
CH4 ~CH,CH,CH; CH% ~CH(CHs)» CH,CH; ~CH(CH,)o CH; ~C(CHg)s 
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Reactions 
23.52 Draw the organic products formed in each reaction. 
(0) 
ean LiBr [1] Bro, CH3CO2H 
S f [2] Li;CO,, LiBr, DMF 
(@) 
COOH 
b. I, (excess) 
—— 
9. -0H 
COOH 
[1] LDA NaH 


c. CHgCH,CH,CO,Et ————> 
ee” P GESCHT 


(0) 
4. (CH)eCHNH2_ i Bro (excess) 
: -OH 
(®) 
Nal 
DJLDA l —— 
[2] CHsCHI Cl 


23.53 Draw the products formed (including stereoisomers) in each reaction. 


ọ 
LDA [LDA [1] LDA 
wt ay a 4 [2] CHgI 


23.54 a. Identify intermediates A-C in the following stepwise conversion of p-isobutylbenzaldehyde to the analgesic ibuprofen. 


CHO + 
NaBH, F [1] PBr3 P [1] LDA z H30 — 
CH;,OH [2] NaCN [2] CHgl A 


p-isobutylbenzaldehyde ibuprofen 


b. Direct alkylation of D by treatment with one equivalent of LDA and CHglI does not form ibuprofen. Identify the product of this 


reaction and explain how it is formed. 


D 
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23.55 a. Clopidogrel is the generic name for Plavix, a drug used to prevent the formation of blood clots in patients that have a history 
of heart attacks or strokes. The racemic drug can be prepared from the racemic œ-halo ester by the following reaction. What 
is the structure of clopidogrel? 


CO,CH, 


clopidogrel 
am -O “eo, 3 (racemic) 


b. A single enantiomer of clopidogrel can be prepared in three steps from the chiral a-hydroxy acid A. Identify B and C in the 
following reaction sequence, and designate the configuration of the enantiomer formed by this route as R or S. 


NH 
H COOH C] | 
3 CH3OH TsCl S 
HO —— B ——— clopidogrel 
HS0, pyridine (single enantiomer) 
Cl 
A 


23.56 What reaction conditions—base, solvent, and temperature—are needed to convert ketone A to either B or C by an 
intramolecular alkylation reaction? 


O (6) O 
—_ or 
Br 
A B c 
23.57 Explain why each of the following reactions will not proceed as written. 
ie) Oo ie) (0) 
A “ [1] LDA 
——> + ——t 
a. CO» [2] CHsCHpI 
COOH 
[1] NaOEt 


CH,(CO,Et —————_ (CH,CH.),CCH(CO,Et 
b. 2(COZEt)s [2] (CHsCH,),CBr (CH3CH3)3 (CO2Et)> 


Mechanism 


23.58 Although ibuprofen is sold as a racemic mixture, only the S enantiomer acts as an analgesic. In the body, however, some of 
the R enantiomer is converted to the S isomer by tautomerization to an enol and then protonation to regenerate the carbonyl 
compound. Write a stepwise mechanism for this isomerization. 


H 
% HA 
COzH — 
Risomer S isomer 
inactive enantiomer active enantiomer 


23.59 Draw a stepwise mechanism iii how two alkylation products are formed in the following reaction. 


O o) 
[1] LDA F . Dy 
[2] CHI 
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23.60 Draw a stepwise mechanism for the following reaction. 


CO,Et 
[1] NaOEt 
CH,(CO,Et), o 
BA ~~ 
[3] H30* 


23.61 Treatment of o,B-unsaturated carbonyl compound X with base forms the diastereomer Y. Write a stepwise mechanism for this 
reaction. Explain why one stereogenic center changes configuration but the other does not. 


-OH 
o H20 o a 
x Y 
23.62 Draw stepwise mechanisms illustrating how each product is formed. 
ie) (0) 
LDA CsHs An o 
o) + i | 
! CsHs 
AN A~ major product 
CeHs 


CgHs KOC(CHsa)3 X + 
(CH3)3COH 
3/3 CgHs 
major product 


23.63 A key step in the synthesis of B-vetivone, a major constituent of vetiver, a perennial grass found in tropical and subtropical regions 
of the world, involved the reaction of compound A and dihalide B with two equivalents of LDA to form C. Draw a stepwise 
mechanism for this reaction. B-Vetivone contains a spiro ring system—that is, two rings that share a single carbon atom. 


O OCH2CH; Cl (0) OCH2CH, 
p ae 
~ LDA ‘two steps steps 
(2 equiv) 
Cl 


B B-vetivone 


Synthesis 


23.64 (a) Draw two different halo ketones that can form A by an intramolecular alkylation reaction. (b) How can A be synthesized by an 
acetoacetic ester synthesis? 


A 


23.65 Convert acetophenone (CgH;COCHS) into each of the following compounds. You may use any other organic compounds or 
required inorganic reagents. More than one step may be required. 


(0) OH (0) 


NHC(CH3)s COOH aA 
a. b. Cy Cc. d. 
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23.66 Synthesize each compound from cyclohexanone and organic halides having < 4 C’s. You may use any other inorganic 
reagents. 


0 (@} (0) 
OCH 
a. G e. 
OH oO oO 
A 
Je de 


23.67 Bupropion, sold under the trade name of Zyban, is an antidepressant that was approved to aid smoking cessation in 1997. 
Devise a synthesis of bupropion from benzene, organic compounds that have fewer than five carbons, and any required inorganic 
reagents. 


oO 
NHO(CHa)3 
=>> O + organic compounds with < 5 C’s 


Cl 
bupropion 


23.68 Devise a synthesis of anastrozole, a drug used to reduce the recurrence of breast cancer (Section 22.18), from the given 
compounds. You may use any other needed organic compounds or inorganic reagents. 


NA 
|I N 
N- % 
N 
s: + | ar 
NC CN Br. Br HNZ 


anastrozole 


23.69 Synthesize each product from ethyl acetoacetate (CH3z;COCH,CO,Et) and the given starting material. You may also use any 
other organic compounds or required inorganic reagents. 


cst I Taa 
a. OH —— gk b. HC=CCH,Br ——> a 


23.70 Synthesize each compound from 3-pentanone [(CH3CH2)2C=O]. You may also use benzene, organic alcohols having < 3 C’s, 
and any required inorganic reagents. 


(e) OH oO 


a e C 
a. b. o c. CgHs d. R A 
HNCH2CH; 
23.71 Treatment of ketone A with LDA followed by CH3CH,I did not form the desired alkylation product B. What product was formed 


instead? Devise a multistep method to convert A to B, a synthetic intermediate used to prepare the anticancer drug tamoxifen 
(Section 23.8C and the chapter-opening molecule). 


° (3 fa) 
C) k 
HO Ho >I 


A B 
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23.72 Capsaicin, the spicy component of hot peppers, can be prepared from amine X and acid chloride Y. Devise a synthesis of Y 
from (4E)-6-methyl-4-hepten-1-ol [(CH3)2>CHCH=CH(CH2)30H], CH2(CO2Et}s, and any required inorganic reagents. 


Q 
CH;0 o CH,0. 
s NH, 3 oer 
+ a A z H 
HO HO 
X Y capsaicin 


Spectroscopy 


23.73 Treatment of W with CH3Li, followed by CHaI, affords compound Y (C7H440) as the major product. Y shows a strong absorption 
in its IR spectrum at 1713 cm”, and its 'H NMR spectrum is given below. (a) Propose a structure for Y. (b) Draw a stepwise 
mechanism for the conversion of W to Y. 


ọ 
os [1] CHgLi 
w 


1H NMR of Y 


2H 


8 7 6 5 4 3 2 1 0 


a.) A 


Challenge Problems 


23.74 Explain why Ha is much less acidic than Hp. Then draw a mechanism for the following reaction. 


H,»—*H COCH; CO,CH, 
ZA 
2 
(2] atti. 
O 
a [3] H2O 
OH 
H2SO4 


O 
cr 


23.75 Devise a stepwise mechanism for the following reaction. 


(8) 


Problems 953 


23.76 The last step in the synthesis of B-vetivone (Problem 23.63) involves treatment of C with CH3Li to form an intermediate X, which 
forms B-vetivone with aqueous acid. Identify the structure of X and draw a mechanism for converting X to B-vetivone. 
fe) OCH,CH, CHaLi ai H,0* 9) 


=. 


Cc B-vetivone 


23.77 Keeping in mind the mechanism for the dissolving metal reduction of alkynes to trans alkenes in Chapter 12, write a stepwise 
mechanism for the following reaction, which involves the conversion of an «,B-unsaturated carbonyl compound to a carbony! 
compound with a new alky! group on the œ carbon. 


(0) 10) 


[1] Li, NH 
[2] RX 


+ A 


23.78 (-)-Hyoscyamine, an optically active drug used to treat gastrointestinal disorders, is isolated from Atropa belladonna, the deadly 
nightshade plant, by a basic aqueous extraction procedure. If too much base is used during isolation, optically inactive material 
is isolated. (a) Explain this result by drawing a stepwise mechanism. (b) Explain why littorine, an isomer isolated from the 
tailflower plant in Australia, can be obtained optically pure regardless of the amount of base used during isolation. 


CHa, CH3 


(-)-hyoscyamine (-)-littorine 
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Ibuprofen is the generic name for the pain reliever known by the trade names of Motrin and 
Advil. Like aspirin, ibuprofen acts as an anti-inflammatory agent by blocking the synthesis 
of prostaglandins from arachidonic acid. One step in a commercial synthesis of ibuprofen 
involves the reaction of a nucleophilic enolate with an electrophilic carbonyl group. In Chap- 
ter 24, we learn about the carbon-carbon bond-forming reactions of enolates with carbonyl 


24.1 


24.1A 


Many aldol products contain 
an aldehyde and an alcoho/— 
hence the name aldol. 


24.1 The Aldol Reaction 955 


In Chapter 24, we examine carbonyl condensations—that is, reactions between two carbonyl 
compounds—a second type of reaction that occurs at the œ carbon of a carbonyl group. Much of 
what is presented in Chapter 24 applies principles you have already learned. Many of the reac- 
tions may look more complicated than those in previous chapters, but they are fundamentally 
the same. Nucleophiles attack electrophilic carbonyl groups to form the products of nucleophilic 
addition or substitution, depending on the structure of the carbonyl starting material. 


Every reaction in Chapter 24 forms a new carbon-carbon bond at the o carbon to a car- 
bonyl group, so these reactions are extremely useful in the synthesis of complex natural products. 


The Aldol Reaction 


Chapter 24 concentrates on the second general reaction of enolates—reaction with other car- 
bonyl compounds. In these reactions, one carbonyl component serves as the nucleophile and 
one serves as the electrophile, and a new carbon-carbon bond is formed. 


Reaction of enolates with | `Q LA Qs 
other carbonyl compounds Aye + ™ C=O: —> Ane | ae 


/ N | ua 
enolate second carbonyl 
component new C—C bond 


nucleophile electrophile 


The presence or absence of a leaving group on the electrophilic carbonyl carbon determines the 
structure of the product. Even though they appear somewhat more complicated, these reactions 
are often reminiscent of the nucleophilic addition and nucleophilic acyl substitution reactions of 
Chapters 21 and 22. Four types of reactions are examined: 

e Aldol reaction (Sections 24.1-24.4) 

e Claisen reaction (Sections 24.5—24.7) 

e Michael reaction (Section 24.8) 

e Robinson annulation (Section 24.9) 


General Features of the Aldol Reaction 


In the aldol reaction, two molecules of an aldehyde or ketone react with each other in the pres- 
ence of base to form a B-hydroxy carbonyl compound. For example, treatment of acetaldehyde 
with aqueous OH forms 3-hydroxybutanal, a §-hydroxy aldehyde. 


(2 OH, H,0 art i p B-hydroxy carbonyl 
“The aldol reaction 2 CH3—C —— CH ey ps compound 
H|H 


H 
acetaldehyde new C-C bond 


3-hydroxybutanal 


The mechanism of the aldol reaction has three steps, as shown in Mechanism 24.1. Carbon— 
carbon bond formation occurs in Step [2], when the nucleophilic enolate reacts with the electro- 
philic carbonyl carbon. 
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{A Mechanism 24.1 The Aldol Reaction 


Step [1] Formation of a nucleophilic enolate 


0: 0: OF 
/ [1] any y 7 e 
hieni ==> RTA — CH=C + HÖ: 


e In Step [1], the base removes a 
proton from the a carbon to forma 
resonance-stabilized enolate. 


e In Step [2], the nucleophilic enolate 
attacks the electrophilic carbonyl 
carbon of another molecule of 
aldehyde, thus forming a new carbon- 
carbon bond. This joins the œ carbon 
of one aldehyde to the carbonyl 
carbon of a second aldehyde. 


e Protonation of the alkoxide in Step [3] 
forms the B-hydroxy aldehyde. 


The aldol reaction is a reversible equilibrium, so the position of the equilibrium depends on the 
base and the carbonyl compound. “OH is the base typically used in an aldol reaction. Recall 
from Section 23.3B that only a small amount of enolate forms with “OH. In this case, that’s 
appropriate because the starting aldehyde is needed to react with the enolate in the second step 


Aldol reactions can be carried out with either aldehydes or ketones. With aldehydes, the equi- 
librium usually favors the products, but with ketones the equilibrium favors the starting materials. 
There are ways of driving this equilibrium to the right, however, so we will write aldol products 


(Section 21.7). An aldol reaction is a nucleophilic addition in which an enolate is the 


| f [ — 
+ CHy—G—-Nu | = The enolate is 


HÖF H H H 
resonance-stabilized enolate 
Steps [2]-[3] Nucleophilic addition and protonation 
cö: ~HČÖ-H 
il os. :07 os :OH xe 
por FS, PP z l Pp [3] Bl a Pa 
CH `H CHG === CH-Ç7CH-Ġ == CHy'Ç-CH-Ġ 
Hf Hf H H H 
nucleophilic attack | | new C-C bond + 70H 
of the mechanism. 
whether the substrate is an aldehyde or a ketone. 
e The characteristic reaction of aldehydes and ketones is nucleophilic addition 
nucleophile. See the comparison in Figure 24.1. 
,  Figure24.1 Mome addition ~~ 
The aldol reaction—An example General reaction SK + Nu 
of nucleophilic addition | CH3 `H f 


nucleophile 


` Aidol reaction— | a E | Ë OF | j 
~. An example 4 ERE » Chces 
|. p CHS Sy C 2 Q Cc 3 oi Ç 2 Q 


H 


| the nucleophile. 
OF. ö: 
/ 


H H 


e Aldehydes and ketones react by nucleophilic addition. In an aldol reaction, an enolate is the 


nucleophile that adds to the carbonyl group. 


Problem 24.1 


Problem 24.2 
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A second example of an aldol reaction is shown with propanal as starting material. The two 
molecules of the aldehyde that participate in the aldol reaction react in opposite ways. 


e One molecule of propanal becomes an enolate—an electron-rich nucleophile. 


e One molecule of propanal serves as the electrophile because its carbonyl carbon is 
electron deficient. 


po 
~HE CH- A 
HÖF CH, `H 
propanal Ay 
' iA 
cö: —+ 7% 6: id # 
Poke CH- A — CH3CH2- Gy GH-G. — 
CHCH CH, H H|CH, H 
ey” 
electrophile nucleophile | ne new c-c bond | 


= ed 


These two examples illustrate the general features of the aldol reaction. The œ carbon of one 
carbonyl component becomes bonded to the carbonyl carbon of the other component. 


f | O m 
| General aldol 4 a P 
| reaction | acy’ A + Ji GH h? 


Join these 2 C's Ee 


Draw the aldol product formed from each compound. 


CH;CHO o 
a. b. (CH,),CCHsCHO c. C 
O E CHS ^CHa 


Which carbonyl compounds do not undergo an aldol reaction when treated with “OH in H20? 


CHO O CHO 
ji 
a. c. C & 
Cy (CHg)3C~ ~H or 


d. 
(CHs)gC~ CH, 
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24.1B Dehydration of the Aldol Product 


The B-hydroxy carbonyl compounds formed in the aldol reaction dehydrate more readily than 
other alcohols. In fact, under the basic reaction conditions, the initial aldol product is often 
not isolated. Instead, it loses the elements of H,O from the o and ß carbons to form an 
&,B-unsaturated carbonyl compound. 


All alcohols — including | aldol dehydration conjugated pro product 7 
B-hydroxy carbonyl 
ie) 


compounds—dehydrate 


fy TOH, H2O a "ia Ll ZOH 
in the presence of acid. 0] 2 CH3- — CHa"E—O-G Ro CHscH= CH- 4 
Only B-hydroxy carbonyl H H A H i H 
compounds dehydrate in the acetaldehyde B-hydroxy aldehyde o, B-unsaturated carbonyl 
presence of base. compound 
An aldol reaction is often 
called an aldol condensation, rf HQ CH, ii Hs ° 
because the B-hydroxy l SoH, -OH, H2O Bore -OH Some 
carbonyl compound that is [2] 2 —= HH or h 
initially formed loses H2O by 
dehydration. A condensation acetophenone B-hydroxy ketone (E and Z isomers 
reaction is one in which a (not isolated) can form.) 


small molecule, in this case 
H,0, is eliminated during a 
reaction. 


It may or may not be possible to isolate the B-hydroxy carbonyl compound under the conditions 
of the aldol reaction. When the o,B-unsaturated carbonyl compound is further conjugated with a 
carbon-carbon double bond or a benzene ring, as in the case of Reaction [2], elimination of H,O 
is spontaneous and the B-hydroxy carbonyl compound cannot be isolated. 


The mechanism of dehydration consists of two steps: deprotonation followed by loss of “OH, 
as shown in Mechanism 24.2. 


te Mechanism 24.2 Dehydration of B-Hydroxy Carbonyl Compounds with Base 


OH . g | new n bond j 


:OH H O: :OH : $: 
au me Sa [1] H re P [2] Y Pp e In Step [1], base removes a proton from the « 
3 EON a Ç Q EFHCH=CH=6 carbon, thus forming a resonance-stabilized 
H ki -5 enolate. 
. + “OH 
| + H,0: e In Step [2], the electron pair of the enolate 

: forms the r bond as “OH is eliminated. 
oa 20: 

CH;-C—C=C. 
1 oy oS 
H H H 


resonance-stabilized enolate 


This elimination mechanism, called the E1cB mechanism, differs from the two more general 
mechanisms of elimination, El and E2, which were discussed in Chapter 8. The ElcB mechanism 
involves two steps, and proceeds by way of an anionic intermediate. 


Like E1 elimination, E1cB 
requires two steps. Unlike 
E1, though, the intermediate 
in E1cB is a carbanion, not a Regular alcohols dehydrate only in the presence of acid but not base, because hydroxide is a poor 
carbocation. E1cB stands for leaving group. When the hydroxy group is B to a carbonyl group, however, loss of H and OH 
Elimination, unimolecular, from the & and B carbons forms a conjugated double bond, and the stability of the conjugated 
conjugate nase: system makes up for having such a poor leaving group. 


Dehydration of the initial B-hydroxy carbonyl compound drives the equilibrium of an aldol reac- 
tion to the right, thus favoring product formation. Once the conjugated o,B-unsaturated carbonyl 
compound forms, it is not re-converted to the B-hydroxy carbonyl compound. 
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Problem 24.3 What unsaturated carbonyl compound is formed by dehydration of each B-hydroxy carbonyl 
compound? 


HO 
Problem 24.4 — Acid-catalyzed dehydration of B-hydroxy carbonyl compounds occurs by the mechanism 
discussed in Section 9.8. With this in mind, draw a stepwise mechanism for the following reaction, 


H 
oH 9 uso, Pp 
CHy-C—C-G — = CH;CH=CH-C + H,0 
H H 


24.1C Retrosynthetic Analysis 


To utilize the aldol reaction in synthesis, you must be able to determine which aldehyde or ketone 
is needed to prepare a particular B-hydroxy carbonyl compound or &,ß-unsaturated carbonyl 
compound—that is, you must be able to work backwards, in the retrosynthetic direction. 


How To Synthesize a Compound Using the Aldol Reaction 


Example What starting material is needed to prepare each compound by an aldol reaction? 
(0) 


OHH oO 
| | fF 
oC pers, C= 
H H 


Step[1] Locate the o and B carbons of the carbonyl group. 
e When a carbonyl group has two different œ carbons, choose the side that contains the OH group (in a B-hydroxy 
carbonyl compound) or is part of the C=C (in an o,f-unsaturated carbonyl compound). 
Step [2] Break the molecule into two components between the o and p carbons. 


e The g carbon and all remaining atoms bonded to it belong to one carbonyl component. The B carbon and all remaining 
atoms bonded to it belong to the other carbonyl! component. Both components are identical in all aldols we have thus 
far examined. 


a. | Break the molecule into two halves. b. _ Break the molecule into two halves. | 
O, 


OHJH oO 
BI la y 
CH.-C-7C-C 
j \ 
H H 


+ 
p Lf ( a; 
CH2~-C. F H-C-0 
H H two molecules of cyclohexanone 


two molecules of the same aldehyde 
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Problem 24.5 


24.2 


24.2A 


What aldehyde or ketone is needed to prepare each compound by an aldol reaction? 


OH E 
a. CHO b. Cos Nt Ci cs © 


OH 


Crossed Aldol Reactions 


In all of the aldol reactions discussed so far, the electrophilic carbonyl and the nucleophilic eno- 
late have originated from the same aldehyde or ketone. Sometimes, though, it is possible to carry 
out an aldol reaction between two different carbonyl compounds. 


e An aldol reaction between two different carbonyl compounds is called a crossed aldol 
or mixed aldol reaction. 


A Crossed Aldol Reaction with Two Different Aldehydes, 
Both Having « H Atoms 


When two different aldehydes, both having o H atoms, are combined in an aldol reaction, four 
different B-hydroxy carbonyl compounds are formed. Four products form, not one, because both 
aldehydes can lose an acidic o hydrogen atom and form an enolate in the presence of base. Both 
enolates can then react with both carbonyl compounds, as shown for acetaldehyde and propanal 
in the following reaction scheme. 


Four different products 


| 


CH,CHO QH i 
i ——]} CH3—C—CH,CHO > 
O | O i J 
a y -OH,HO |. 1 | H 
CH3=0 aeee CH- 6 
H | H CH3CH,CHO ri 
acetaldehyde CHsCH2—~G—-CH2CHO 
y 
two different enolates 
CH,CHO alii 
poy CHa-C—ÇHCHO 
a Æ ~OH,HO E H | CHa 
CHaCH-G === “CH-C aa 
H CH, H, CH3CH2CHO 
propanal —— CH3CH2-Ç--ÇHCHO 
H CHg 


e Conclusion: When two different aldehydes have œ hydrogens, a crossed aldol reaction 
is not synthetically useful. 
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24.2B Synthetically Useful Crossed Aldol Reactions 


Crossed aldols are synthetically useful in two different situations. 
e A crossed aldol occurs when only one carbonyl component has a H atoms. 


When one carbonyl compound has no & hydrogens, a crossed aldol reaction often leads to 
one product. Two common carbonyl compounds with no œ hydrogens used for this purpose are 
formaldehyde (CH,=0) and benzaldehyde (C;H;CHO). 


For example, reaction of CgH;CHO (as the electrophile) with either acetaldehyde (CH;CHO) or 
acetone [(CH3),C=O] in the presence of base forms a single o,f-unsaturated carbonyl com- 


pound after dehydration. 
0 a H’s 
Pay b- poho oH 
[1] + CH0 === G—CHCHO | aS CH=CHCHO 
H | Se Mews me] 2 
' =e H f cinnamaldehyde 
Only this component | from the enolate (component of cinnamon) 
o ean form an enolate. i | 
Ti i i 
C, _ H 
Ẹ -OH, HO Pe maii p 
[2] + CH,-C C—CHe-@ =e CH=CH-C 
t CH, H CHa 2 CHa 
a. H’s 


The yield of a single crossed aldol product is increased further if the electrophilic carbonyl com- 
ponent is relatively unhindered (as is the case with most aldehydes), and if it is used in excess. 


Problem 24.6  2-Pentylcinnamaldehyde, commonly called flosal, is a perfume ingredient with a jasmine-like odor. 
Flosal is an «,B-unsaturated aldehyde made by a crossed aldol reaction between benzaldehyde 
(CgHsCHO) and heptanal (CH3CH2,CH2,CH2CH2CH2CHO), followed by dehydration. Draw a stepwise 
mechanism for the following reaction that prepares flosal. 


CHO 
CgHsCHO + ee ` + HO 
a Os Oe a 
sHs CHO —H,0 2 


flosal 
(perfume component) 


Problem 24.7 Draw the products formed in each crossed aldol reaction. 
a. CH,CH»CHsCHO and CH,=O b. CsH;CHO and ( o 


e A crossed aldol occurs when one carbonyl component has especially acidic a H atoms. 


A useful crossed aldol reaction takes place between an aldehyde or ketone and a B-dicarbonyl 
(or similar) compound. 


z a R R Y 
General \ NaOEt \ / 
Senn | C=O + Y—-CH2-Z Nace C=C 
7 EtOH Ag Y 

R R | z 


R al Oey) hes r a new C-C øo and x bonds | 


— - 1 


B-dicarbonyl compound 
(and related compounds) 


CHO COOEt 
F a ~Œ 
Example NaOEt 
s Y + CHACOOE, GOH | 


a COOEt 
benzaldehyde diethyl malonate 
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7 oe pos 
Figure 24.2 CH,(COOEt) «— The B-dicarbonyl compound 
Crossed aldol reaction 2 2 forms the enolate. 


between benzaldehyde and ss; NaOEt = 
CH,(COOEt), co: EtOH H 36% 
H :CH(COOEt), CH(COOEt). 


~ 


| The aldehyde is | EtoH 
| i .- 
the electrophile. à gi 
8 COOEt 
CH(COOE?t)s | —H20: _ 
COOEt 
not isolated 


As we learned in Section 23.3, the œ hydrogens between two carbonyl groups are especially 
acidic, and so they are more readily removed than other œ H atoms. As a result, the B-dicarbony] 
compound always becomes the enolate component of the aldol reaction. Figure 24.2 shows 
the steps for the crossed aldol reaction between diethyl malonate and benzaldehyde. In this type 
of crossed aldol reaction, the initial B-hydroxy carbonyl compound always loses water to form 
the highly conjugated product. 


B-Dicarbonyl compounds are sometimes called active methylene compounds because they are 
more reactive towards base than other carbonyl compounds. 1,3-Dinitriles and a-cyano carbonyl 
compounds are also active methylene compounds. 


ae methylene 9 9 9 fi Q 
compounds C Cc (e C (& N=C—CH,-C=N 
mpana | EtO “CHS “OEt CH “CHS OEt CH4 ~CH,CN á 


B-diester B-keto ester a-cyano 1,3-dinitrile 
carbonyl compound 


robiem 24.E Draw the products formed in the crossed aldol reaction of phenylacetaldehyde (CsHsCH2CHO) with 
each compound: (a) CH2(COOEt),; (b) CH2(COCHs)2; (c) CH3COCH2CN. 


24.2C Useful Transformations of Aldol Products 


The aldol reaction is synthetically useful because it forms new carbon-carbon bonds, generating 
products with two functional groups. Moreover, the B-hydroxy carbonyl compounds formed in 
aldol reactions are readily transformed into a variety of other compounds. Figure 24.3 illustrates 
how the crossed aldol product obtained from cyclohexanone and formaldehyde (CH,=O) can be 
converted to other compounds by reactions learned in earlier chapters. 

Drolblen: 24. What aldol product is formed when two molecules of butanal react together in the presence of 
base? What reagents are needed to convert this product to each of the following compounds? 


CHO 
a. OH bs. c. CHsCHsCH»CH = C(CH2CH;)CH;OH 
jig d: CHsCH»CH»CH = C(CH,CH.)CH(CH,)OH 
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Figure 24.3 aldol product 


Conversion of a B-hydroxy 
carbonyl compound into other 


ie) 
compounds CH0 NaBH, | OH 
OH, H30 H20 E 


cyclohexanone B-hydroxy carbonyl 1,3-diol 
compound 


al|-om. 10 


5 
allylic alcohol a,f-unsaturated (with RMgX) (with ReCuLi) 
carbonyl compound 


[4] | Ho, Pd-C 
(1 equiv) 
Oy 
ketone 
e The B-hydroxy carbonyl compound formed from the crossed aldol reaction can be reduced 
with NaBH,, CH3OH (Section 20.4A) to form a 1,3-diol (Reaction [1]) or dehydrated to form an 
«,B-unsaturated carbonyl compound (Reaction [2)). 
e Reduction of the a,B-unsaturated carbonyl compound forms an allylic alcohol with NaBH, (Reaction 
[3]), or a ketone with Hz and Pd-C (Reaction [4]); see Section 20.4C. 


e Reaction of the «,B-unsaturated carbonyl compound with an organometallic reagent forms two 
different products depending on the choice of RM (Reaction [5]); see Section 20.15. 


24.3 Directed Aldol Reactions 


A directed aldol reaction is a variation of the crossed aldol reaction that clearly defines which 
carbonyl compound becomes the nucleophilic enolate and which reacts at the electrophilic car- 
bonyl carbon. The strategy of a directed aldol reaction is as follows: 


[1] Prepare the enolate of one carbonyl component with LDA. 
[2] Add the second carbonyl compound (the electrophile) to this enolate. 


Because the steps are done sequentially and a strong nonnucleophilic base is used to form the enolate 
of one carbonyl component only, a variety of carbonyl substrates can be used in the reaction. Both 
carbonyl components can have œ hydrogens because only one enolate is prepared with LDA. Also, 
when an unsymmetrical ketone is used, LDA selectively forms the less substituted, kinetic enolate. 


Sample Problem 24.1 illustrates the steps of a directed aldol reaction between a ketone and an 
aldehyde, both of which have o hydrogens. 


Sample Problem 24.1 Draw the product of the following directed aldol reaction. 


(6) 


Gha [1] LDA, THF 
—_—___—___——__-» 


[2] CHzCHO 
[3] H2O 
2-methylcyclohexanone 
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Solution 


2-Methylcyclohexanone forms an enolate on the less substituted carbon, which then reacts with 
the electrophile, CH3CHO. 


OHO H 


7 0 a, ja Y ri 
CH, 
LDA SH, 
THE 


less substituted 
kinetic enolate “new (ce | bond 


Figure 24.4 illustrates how a directed aldol reaction was used in the synthesis of periplanone B, 
the sex pheromone of the female American cockroach. 


Figure 24.4 
A directed aldol reaction in the o 
synthesis of periplanone B LOA 
THF z 5 a 
RO 
=e | = addition ka 
= ———————— | 


periplanone B 
sex pheromone of the female 
American cockroach 


To determine the needed carbonyl components for a directed aldol, follow the same strategy used 
for a regular aldol reaction in Section 24.1C, as shown in Sample Problem 24.2. 


Sample Problem 24.2 What starting materials are needed to prepare ar-turmerone using a directed aldol reaction? 
as ar-Turmerone is a principal component of the essential oil derived from turmeric root. 


(6) 
Ea 


ar-turmerone 


Solution 


When the desired product is an œ,B-unsaturated carbonyl compound, identify the œ and B carbons 
that are part of the C=C, and break the molecule into two components between these carbons. 


| Break the molecule into two halves. | 


The dried and ground root of O | fe) 
the turmeric plant, a tropical dhe 
perennial in the ginger family, is B — + go 
an essential ingredient in curry | 
powder. n 
— ar-turmerone 


_ Make the enolate here. | 
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Problem 24.10 What carbonyl starting materials are needed to prepare each compound using 
| a directed aldol reaction? 


mo ret A 


30 Tablets i Prob 14.11 A key step in the synthesis of donepezil (trade name Aricept) is a directed aldol 

ial in, uy | ning i that forms o,B-unsaturated carbonyl compound X. What carbonyl starting materials are needed 

i | | to prepare X g a directed aldol reaction? What reagents are needed to convert X to donepezil? 
| ¢ 

Donepezil (trade name Aricept) QQ O 
i j N 
isa drug used to improve CH;O CHO 
cognitive function in patients 
suffering from dementia and donepezil 


Alzheimer’s disease. CH30 CH30 


24.4 Intramolecular Aldol Reactions 


Aldol reactions with dicarbonyl compounds can be used to make five- and six-membered 
rings. The enolate formed from one carbonyl group is the nucleophile, and the carbonyl carbon 
of the other carbonyl group is the electrophile. For example, treatment of 2,5-hexanedione with 
base forms a five-membered ring. 


2,5-Hexanedione is called a 
1,4-dicarbonyl compound 
to emphasize the relative 
positions of its carbonyl 


groups. 1,4-Dicarbonyl O fo} 

compounds are starting Q Q A 

materials for synthesizing Jas Pon NaOEt 

five-membered rings. Chg Chet CA draw „zO EtOH L2 —— 
= a hiesanedione i new C-C o and x bonds | 


The steps in this process, shown in Mechanism 24.3, are no different from the general mecha- 
nisms of the aldol reaction and dehydration described previously in Section 24.1. 


e Mechanism 24.3 The Intramolecular Aldol Reaction 


Step [1] Formation of an enolate 


o e Deprotonation of the CH; group 
(0) O fe) O _ with base forms a nucleophilic 

li é NaOet g l- panaka j enolate, which is re-drawn to more 

CH% `CH CH% `CH3 [1] CH4 `CHCH/ `GH, re-draw fe) clearly show the intramolecular 

2,5-hexanedione op reaction in Step [2]. 
EtOH 
Steps [2]-[4] Cyclization and dehydration 
aonb o o o ¢ In Step [2], the nucleophilic enolate 
RSRS attacks the electrophilic carbonyl 


/ g 


à [4] carbon in the same molecule, 


—— > Ol 


[3] 
( 6: 2 i —-H,O forming a new carbon-carbon o 
Fi oi | new bond | B (two steps) B \ bond. This generates the five- 
20% 


?OH o membered ring. 
slectrophile H-ÖEt +70Et -newC-C bond  » Protonation of the alkoxide in 
Y T Step [3] and loss of HzO by the two 


steps outlined in Mechanism 24.2 
form a new C-C x bond. 
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When 2,5-hexanedione is treated with base in Step [1], two different enolates are possible— 
enolates A and B, formed by removal of H, and Hy, respectively. Although enolate A goes on to 
form the five-membered ring, intramolecular cyclization using enolate B would lead to a strained 
three-membered ring. 


O 
H - 
Il ? j NaOEt 9 9 The more stable 


G — Gur —— <— five-membered ring 
CH; CHCH% ~CHy EtOH CH ~CH2CH3 ~CHy Mechanism is formed. 


1 
2,5-hexanedione n A 24:3 


RE e 
CH ~CH»CH® `CH3 re-draw 
B 


l t 
The strained three-membered 
ring does not form. 


Because the three-membered ring is much higher in energy than the enolate starting material, 
equilibrium greatly favors the starting materials and the three-membered ring does not form. 
Under the reaction conditions, enolate B is re-protonated to form 2,5-hexanedione, because all 
steps except dehydration are equilibria. Thus, equilibrium favors formation of the more stable 
five-membered ring over the much less stable three-membered ring. 


In a similar fashion, six-membered rings can be formed from the intramolecular aldol reaction of 
1,5-dicarbonyl compounds. 


O fe) 
i i NaOEt A nF 
a 
Ay gOS. Se $ O J- new 
CH3 `CHCHCH; ~CHg re-draw O EtOH ks k 
2,6-heptanedione 


C-C o and n bonds | 


a 1,5-dicarbonyl compound 


The synthesis of the female sex hormone progesterone by W. S. Johnson and co-workers at 
Stanford University is considered one of the classics in total synthesis. The last six-membered 
ring needed in the steroid skeleton was prepared by a two-step sequence using an intramolecular 
aldol reaction, as shown in Figure 24.5. 


yoo 44.12 Draw a stepwise mechanism for the conversion of 2,6-heptanedione to 3-methyl-2-cyclohexenone 
with NaOEt, EtOH. 


Figure 24.5 

The synthesis of 
progesterone using an 
intramolecular 

aldol reaction 4 


Step [1] Step [2] 


[1] Og 
[2] Zn, HO 


-OH, H2O 


oO 
1,5-dicarbonyl progesterone 
compound 


Intramolecular aldol reaction 
forms the six-membered ring. 


| 


| Ozone oxidatively cleaves the C=C. | 


¢ Step [1]: Oxidative cleavage of the alkene with O3, followed by Zn, H20 (Section 12.10), gives the 
1,5-dicarbonyl compound. 

e Step [2]: Intramolecular aldol reaction of the 1,5-dicarbony! compound with dilute “OH in H2O 
solution forms progesterone. 


e This two-step reaction sequence converts a five-membered ring into a six-membered ring. 
Reactions that synthesize larger rings from smaller ones are called ring expansion reactions. 


Problem 24.13 


24.5 


Unlike the aldol reaction, 
which is base-catalyzed, a full 
equivalent of base is needed 
to deprotonate the B-keto 
ester formed in Step [3] of the 
Claisen reaction. 


Figure 24,6 

The Claisen reaction—An 
example of nucleophilic 
substitution 


24.5 The Claisen Reaction 967 


What cyclic product is formed when each 1,5-dicarbonyl compound is treated with aqueous OH? 
10) 
(8) (0) 


a. CHO b, ee oe 


Following the two-step reaction sequence depicted in Figure 24.5, write out the steps needed to 
convert A to B. 


The Claisen Reaction 


The Claisen reaction is the second general reaction of enolates with other carbonyl compounds. 
In the Claisen reaction, two molecules of an ester react with each other in the presence of an 
alkoxide base to form a §-keto ester. For example, treatment of ethyl acetate with NaOEt forms 
ethyl acetoacetate after protonation with aqueous acid. 


O O (0 
E. I 1] NaOEt II I = 
| The Claisen reaction 2 Je. eae pes E _ B-keto ester 
oes CH “OEt BIHO cH; *CHs ~OEt a 
ethyl acetate | new C-C bond | 


ethyl acetoacetate 


The mechanism for the Claisen reaction (Mechanism 24.4) resembles the mechanism of an aldol 
reaction in that it involves nucleophilic addition of an enolate to an electrophilic carbonyl group. 
Because esters have a leaving group on the carbonyl carbon, however, loss of a leaving group 
occurs to form the product of substitution, not addition. 


Because the generation of a resonance-stabilized enolate from the product B-keto ester drives the 
Claisen reaction (Step [4] of Mechanism 24.4), only esters with two or three hydrogens on 
the o carbon undergo this reaction; that is, esters must have the general structure CH3CO,R' 
or RCH,CO,R'. 


e Keep in mind: The characteristic reaction of esters is nucleophilic substitution. A 
Claisen reaction is a nucleophilic substitution in which an enolate is the nucleophile. 


Figure 24.6 compares the general reaction for nucleophilic substitution of an ester with the 
Claisen reaction. Sample Problem 24.3 reinforces the basic features of the Claisen reaction. 


Nucleophilic | Cf a Q9 a 
substitution Ake. + No => CHZ-C-Nu = Cima. | i | 
CHS “et oo CHS >Nu |«— The enolate is the 


*OEt ¿| — nucleophile. 
leaving group + Eto: : i = 
Example | cö: ™ po: 05 0: :0: :0: 
i + td == CH,-C-CH,-C == ig C 
CH; ~OEt ` Í A 


:QEt SOEI ‘OEt 
leaving group 


CH% “eH ~OEt | 


| 


| nucleophilic attack | | loss of the leaving group 


e Esters react by nucleophilic substitution. In a Claisen reaction, an enolate is the nucleophile that 
adds to the carbonyl group. 
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e Mechanism 24.4 The Claisen Reaction 


Step [1] Formation of a nucleophilic enolate 


A tl, a p: 
„——>H+CH;—C a> HAC — CH=C + EtOH ° In Step [1], the base removes a proton from the 
EtO: j `OEt Et `OEt = « carbon to form a resonance-stabilized 
resonance-stabilized enolate enolate. 


Steps [2]-[3] Nucleophilic addition and loss of the leaving group 


0: Rot Ö: :0: :0: e In Step [2], the nucleophilic enolate attacks the 
< Wy a X ëH- Pj a4 CH,- on, Fi a Lo electrophilic carbonyl carbon of another 
one” Get” loet Tet 2OEt | CH% ~CHs ~OEt — molecule of ester, forming a new carbon-carbon 
< n ae bond. This joins the œ carbon of one ester to 
nucleophilic attack — | loss of the leaving group © | + Eğ: the carbonyl carbon of a second ester. 
¢ Elimination of the leaving group, EtO7, forms 
a B-keto ester in Step [3]. Steps [1]-[3] are 
reversible equilibria. 
Steps [4]-[5] Deprotonation and protonation 
We 20: ʻO: ʻO: se, O 10% e Because the B-keto ester formed in Step [3] 
JO, Oua s E EE es H0” E e O has especially acidic protons between its two 
Ors ck QEt [4] CH3 ¢ QEt [6] CHa CH3 QEt carbonyl groups, a proton is removed under 
per Ho o B-keto ester the basic reaction conditions to form an enolate 
Et: o-oo + HÖ: (Step [4]). The formation of this resonance- 


stabilized enolate drives the equilibrium in 
the Claisen reaction. 

e Protonation of this enolate with strong acid 
re-forms the neutral B-keto ester to complete 
the reaction. 


+ EtOH 


Sample Problem 24.3 Draw the product of the following Claisen reaction. 


È [1] NaOCH, 
Cc =a 
CHCH% “OCH, [2] H30* 


Solution 

To draw the product of any Claisen reaction, form a new carbon-carbon bond between the a 
carbon of one ester and the carbonyl carbon of another ester, with elimination of the leaving group 
(OCH; in this case). 


2 a [1] NaQCHg Q 9 
C + „CH= EA 


PNN, a pes 
CH3CHs oe i ei ‘OCH, [2] H30* CH3CH3 re 
CH3 


Join these 2 C’s together, and 
eliminate the leaving group “OCH}. new Cc C bond © 
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Next, write out the steps of the reaction to verify this product. 


$ S 


0: : 5 
Me- Sou, GS —_— CHsCH»-G—cH-C == CH3CHZ ~CH™ “OCH, 
S CH, :QCH, 7QCHg CH, *QCHs CH3 
+ CH3OH 
9: 
CHCHz GBH, 


CH3 


Problem 24.15 What B-keto ester is formed when each ester is used in a Claisen reaction? 


O (6) 
OCH, OCH,CH, 


24.6 The Crossed Claisen and Related Reactions 
Like the aldol reaction, it is sometimes possible to carry out a Claisen reaction with two different 


carbonyl components as starting materials. 


e A Claisen reaction between two different carbonyl compounds is called a crossed 
Claisen reaction. 


24.6A Two Useful Crossed Claisen Reactions 


A crossed Claisen reaction is synthetically useful in two different instances. 


+ A crossed Claisen occurs between two different esters when only one has a 
hydrogens. 


When one ester has no œ hydrogens, a crossed Claisen reaction often leads to one prod- 
uct. Common esters with no œ H atoms include ethyl formate (HCO,Et) and ethyl benzoate 
(CsH;CO,Et). For example, the reaction of ethyl benzoate (as the electrophile) with ethyl ace- 
tate (which forms the enolate) in the presence of base forms predominately one B-keto ester. 


a H’s 
fe) <— from the enolate 
P M | m [1] NaOEt 
‘oet CH% `OEt [2] H;0* 
ethyl benzoate ethyl acetate B-keto ester 


Only this ester can 
form an enolate. 


e A crossed Claisen occurs between a ketone and an ester. 


The reaction of a ketone and an ester in the presence of base also forms the product of a crossed 
Claisen reaction. The enolate is generally formed from the ketone component, and the reaction 
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works best when the ester has no & hydrogens. The product of this crossed Claisen reaction is a 
B-dicarbonyl compound, but not a B-keto ester. 


© Form the enolate on this œ carbon, | O (8) 
$ Sa 
x o 
a I [1] NaOEt H ai 
F aop [2] H,O* yY new C-C bond 


B-dicarbonyl compound 


Problem 24.16 What crossed Claisen product is formed from each pair of compounds? 


(0) (0) 
a. CH,CH,COOEt and HCO.Et d. oN 
b. CHg(CH,)sCO2Et and HCO,Et än OEt 
m c. (CH3)2C = O and CH3CO2Et 
Problem 24.17 Avobenzone is a conjugated compound that absorbs ultraviolet light with 


wavelengths in the 320-400 nm region, so it is a common ingredient in commercial sunscreens. 
Write out two different crossed Claisen reactions that form avobenzone. 


o ọ 
CHO # a C(CHa)a 


Sunscreen ingredients avobenzone 


24.6B Other Useful Variations of the Crossed Claisen Reaction 


B-Dicarbonyl compounds are also prepared by reacting an enolate with ethyl chloroformate and 
diethyl carbonate. 


o oO 
é é 
Ci” ~OEt EtO™ ~OEt 
ethyl chloroformate diethyl carbonate 


These reactions resemble a Claisen reaction because they involve the same three steps: 


[1] Formation of an enolate 
[2] Nucleophilic addition to a carbonyl group 
[3] Elimination of a leaving group 


For example, reaction of an ester enolate with diethyl carbonate yields a B-diester (Reaction [1]), 
whereas reaction of a ketone enolate with ethyl chloroformate forms a -keto ester (Reaction [2]). 


= 


| new C-C bond | 


oO 
I [1] NaOEt 2l ? 
[1] a, pl hs: LY pos + OEt 
CH; `OEt [2] 0 EtO” “CH; ~OEt 
204 diethyl malonate 
EtO OEt 
_ new C-C bond © 
O 2 
1] NaOEt (e + cr 
[2] [1] NaOEt © SS Et 
[2] Q 
PN 


Cl OEt B-keto ester 
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Reaction [2] is noteworthy because it provides easy access to B-keto esters, which are use- 
ful starting materials in the acetoacetic ester synthesis (Section 23.10). In this reaction, Cl” is 
eliminated rather than “OEt in Step [3], because CI is a better leaving group, as shown in the 
following steps. 


re) :0: :0: 05 :0: :0: 
pw ‘Et A C-OEt Oa 
~i = ck —— QEL GE 
vie ‘6 [2] ri à [3] er 


+ EtGH leaving group Bckokn ester 


Problem 24.18 Draw the products of each reaction. 


(6) 
(6) 
[1] NaOEt il [1] NaOEt 
a. TS TEU b. mow — > 
[2] (Et0),0=0 CeHsCHZ “oet [2] CICO,Et 


Problem 24.19 Two steps in a synthesis of the analgesic ibuprofen, the chapter-opening molecule, include a 
carbonyl condensation reaction, followed by an alkylation reaction. Identify intermediates A and B 
in the synthesis of ibuprofen. 


fO2Et i1] NaoEt [1] NaOEt H,0* 


[2] (EtO),C=O [2] CHI A 


COH 


ibuprofen 


24.7 The Dieckmann Reaction 


Intramolecular Claisen reactions of diesters form five- and six-membered rings. The eno- 
late of one ester is the nucleophile, and the carbonyl carbon of the other is the electrophile. An 
intramolecular Claisen reaction is called a Dieckmann reaction. Two types of diesters give good 
yields of cyclic products. 


e 1,6-Diesters yield five-membered rings by the Dieckmann reaction. 


“new / C bond | 
OEt 
(0) (0) 
i Bo Ao [1] NaOEt X A 
EtO” ~CH,CH,CH»CHs `OEt "e- -draw o BRO 
1,6-diester 
OEt 
e 1,7-Diesters yield six-membered rings by the Dieckmann reaction. 

ise new 7 C -C bond | 


R a Ọ  []Na0Et 
EtO~ ~“CH CHCHCHCH/ `OEt re-draw BIHO” 


1,7-diester 
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The mechanism of the Dieckmann reaction is exactly the same as the mechanism of an inter- 
molecular Claisen reaction. It is illustrated in Mechanism 24.5 for the formation of a six- 
membered ring. 


eS Mechanism 24.5 The Dieckmann Reaction 


_ nucleophilic attack — 


| :6: }OEt O e In Step [1], the base removes a 
< A proton to form an enolate, which 
[2] `OEt attacks the carbonyl group of the 
A second ester in Step [2], thus 
pemer forming a new carbon-carbon bond. 
loss of the ANOT z 
| [3] leaving group e In Step [3], elimination of “OEt forms 
the B-keto ester. 
O 9 OF y i e To complete the reaction, the proton 
5 Cok -ÖEt SOEt + 0et between the two carbonyl groups 
Praha is removed with base, and then 
A [4] protonation of the enolate re-forms 
+ EtQH B-keto ester the B-keto ester (Steps [4] and [5)). 
[5] i 
H30* 
Problem 24.20 What two B-keto esters are formed in the Dieckmann reaction of the following diester? 
ie) 
OEt 
Eto 


O 


24.8 The Michael Reaction 


Like the aldol and Claisen reactions, the Michael reaction involves two carbonyl components— 
the enolate of one carbonyl compound and an &,ßB-unsaturated carbonyl compound. 


: :0: 0: | 
Two components of "A 6 c 
| a Michael reaction OOS SOO SEES 
| | 
enolate co, B-unsaturated 
carbonyl compound 


Recall from Section 20.15 that a,B-unsaturated carbonyl compounds are resonance stabilized 
and have two electrophilic sites—the carbonyl carbon and the B carbon. 


The hybrid 


Qi] Tal ẹ OF a 
B ‘ 
POON AIEN i Pao. Aan 
| | | tit 
three resonance structures for an two electrophilic sites 


o,B-unsaturated carbonyl compound 


e The Michael reaction involves the conjugate addition (1,4-addition) of a resonance- 
stabilized enolate to the B carbon of an «,8-unsaturated carbonyl system. 
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All conjugate additions add the elements of H and Nu across the o and B carbons. In the 
Michael reaction, the nucleophile is an enolate. Enolates of active methylene compounds are par- 
ticularly common. The o,B-unsaturated carbonyl component is often called a Michael acceptor. 


————— ——, Q | Q i p nucleophile attacks 
_ Conjugate addition C :Nu- H,O | at the B carbon. 
: on Be pe) le Eee ZL l 
re S R `oe 
l l Na 
oO O 
Il B -OEt H2O Il 


jz 7) ge =" 2G B 
| Michael reaction | [1] CH “CH=CH; CH,(CO,Et)s CH3 CHOH SHON e 


Michael acceptor | These compounds new C-C bond | 
kaaa form enolates. — 


—- 
A cot 
B =QEt B 


| new C-C bond l 
— COEt 


(6) 


Problem 24.21 Which of the following compounds can serve as Michael acceptors? 


(0) (8) 16) [6] 


The Michael reaction always forms a new carbon-carbon bond on the B carbon of the 
Michael acceptor. Reaction [2] is used to illustrate the mechanism of the Michael reaction in 
Mechanism 24.6. The key step is nucleophilic addition of the enolate to the B carbon of the 
Michael acceptor in Step [2]. 


{o Mechanism 24.6 The Michael Reaction 


Step [1] Enolate formation 


(6) (0) 
Bor + Hy [1] - + EtOH e Base removes the acidic proton between the 
“it s two carbonyl groups, forming the enolate in 
COEt OvEt Step [1]. Only one of the three resonance 
resonance-stabilized structures is drawn. 
enolate 
Steps [2]-[3] Nucleophilic attack at the B carbon and protonation 
fe} nucleophilic attack re) (. o e The nucleophilic enolate adds to the ß 
pe men H™-OEt H carbon of the œ,ß-unsaturated carbonyl 
5 oO [2] [3] (8) compound, forming a new carbon-carbon 
A i 2 bond and a resonance-stabilized enolate. 
B ñ e Protonation of the enolate forms the 
CO;Et CO,Et CO.Et 1,4-addition product in Step [3]. 
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Figure 24,7 


Using a Michael reaction in the 
synthesis of the steroid estrone 


CH,O 


1,5-Dicarbony!l compounds 
are starting materials for 
intramolecular aldol reactions, 
as described in Section 24.4. 


Problem 24.22 


Problem 24,23 


24.9 


The word annulation comes 
from the Greek word annulus for 
ring. The Robinson annulation 

is named for English chemist 
Sir Robert Robinson, who was 
awarded the 1947 Nobel Prize 
in Chemistry. 


| new C-C bond — 
fe) He 
r 
á -OH | 
o fe) Oo severa 
= o CHOH steps 
A CH; HO 
4 estrone 
a.,B-unsaturated carbonyl compound 


carbonyl compound that forms the enolate 


When the product of a Michael reaction is also a B-keto ester, it can be hydrolyzed and decar- 
boxylated by heating in aqueous acid, as discussed in Section 23.9. This forms a 1,5-dicarbony] 
compound. Figure 24.7 shows a Michael reaction that was a key step in the synthesis of estrone, 
a female sex hormone. 


i i 


1 


N 


O — HOt ye 
> 
A 
4 
CO,Et 
Michael reaction 1,5-dicarbonyl 
product compound 


What product is formed when each pair of compounds is treated with NaOEt in ethanol? 


? p a 
. CH,=CHCO,Et + C i a C 
e a CHs~ “CH,CO,Et e X CH ~CH,CN 


CH, 
b. LO + CH(CO2Et)> 
o 


What starting materials are needed to prepare each compound by the Michael reaction? 
(6) (6) 


COEt 


The Robinson Annulation 


The Robinson annulation is a ring-forming reaction that combines a Michael reaction with 
an intramolecular aldol reaction. Like the other reactions in Chapter 24, it involves enolates 
and it forms carbon-carbon bonds. The two starting materials for a Robinson annulation are an 
&,B-unsaturated carbonyl compound and an enolate. 


new C-C o bond i 


NON oer 
“Robinson annulation L . jis base LD 
o o o A 


a.,B-unsaturated carbonyl compound | new C-C o and z bond - 
carbonyl compound that forms an enolate — | 
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The Robinson annulation forms a six-membered ring and three new carbon-carbon 
bonds—two © bonds and one r bond. The product contains an o,B-unsaturated ketone in a 
cyclohexane ring—that is, a 2-cyclohexenone ring. To generate the enolate component of the 
Robinson annulation, OH in HO and OEt in EtOH are typically used. 


no ff + Os 
HO 
o o m GF 


ie) O 
HO 
o o ~ ő 
methyl vinyl 2-methyl-1,3- New C-C bonds are 
ketone cyclohexanedione shown in red. 


The mechanism of the Robinson annulation consists of two parts: a Michael addition to the 
&,B-unsaturated carbonyl compound to form a 1,5-dicarbonyl compound, followed by an 
intramolecular aldol reaction to form the six-membered ring. The mechanism is written out 
in two parts (Mechanisms 24.7 and 24.8) for Reaction [2] between methyl vinyl ketone and 
2-methy]-1,3-cyclohexanedione. 


Es Mechanism 24.7 The Robinson Annulation—Part [A] Michael Addition to Form 
a 1,5-Dicarbonyl Compound 


Step [1] Enolate formation 
e Base removes the most acidic proton — 


(@] 
Ho OY that is, the proton between the two 
i ee [1] e në carbonyl groups — forming the enolate in 
2 Step [1]. Only one of the three resonance 
(e structures is drawn. 


enolate 


Steps [2]-[3] Nucleophilic attack at the B carbon and protonation 


new C-C ø bond | ¢ Conjugate addition of the enolate to 

al a | new Safe beng the B carbon of the «,B-unsaturated 

9 “Q O carbonyl compound forms a new carbon- 
H carbon bond and a resonance-stabilized 


B 
GEN 2 ot 
fp aes A enolate. 
fe) fe) ie) fe) (0) (0) e Protonation of the enolate forms the 
nucleophilic attack 1,5-dicarbonyl 1,5-dicarbonyl compound. 
SS compound 


+ 70H 


Part [A] illustrates the three-step mechanism for the Michael addition that forms the first carbon— 
carbon © bond, generating the 1,5-dicarbonyl compound. The first step always involves removal 
of the most acidic proton to form an enolate. 
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In Part [B] of the mechanism, an intramolecular aldol reaction followed by dehydration forms 
the six-membered ring. 


{ò Mechanism 24.8 The Robinson Annulation—Part [B] Intramolecular Aldol Reaction 
á to Form a 2-Cyclohexenone 


Steps [4]-[6] Intramolecular aldol reaction to form a B-hydroxy ketone 


9° Q ¢ The intramolecular aldol reaction 
Jaga [5] [6] consists of three steps: [4] enolate 
= formation, [5] nucleophilic attack, 
ogo its o and [6] protonation. This forms 
o O A QH another carbon-carbon o bond and 
HỌ: anche poea e] eH + 70H a B-hydroxy carbonyl compound 
+ HÖ: | - B-hydroxy (compare Section 24.4). 


carbonyl compound 


Steps [7]-[8] Dehydration to form the oles ketone 
¢ Dehydration consists of two steps: 


7 deprotonation and loss of “OH 

B, (Section 24.1B). This reaction 
forms the new zx bond in the 

(®) A hou > 


o.,B-unsaturated ketone. 
+ Ci | new c- eel 


All of the parts of this mechanism have been discussed in previous sections of Chapter 24. How- 
ever, the end result of the Robinson annulation—the formation of a 2-cyclohexenone ring—is new. 


To draw the product of Robinson annulation without writing out the mechanism each time, place 
the o carbon of the compound that becomes the enolate next to the B carbon of the o,B-unsaturated 
carbonyl compound. Then, join the appropriate carbons together as shown. If you follow this 
method of drawing the starting materials, the double bond in the product always ends up in the 
same position in the six-membered ring. 


Join these 2 C’s together. 


| Brewin the product in base 
a Robinson annulation a 
i The n bond always 


Join these 2 C’s together. | ends up in this position. 


Sample Problem 24.4 Draw the Robinson annulation product formed from the following starting materials. 


fe) 
EtO,C n dis dii CH,CH,0- 
O CH3CH,OH 


Solution 
Arrange the starting materials to put the reactive atoms next to each other. For example: 


e Place the «,B-unsaturated carbonyl compound to the left of the carbony! compound. 

e Determine which ao carbon will become the enolate. The most acidic H is always removed 
with base first, which in this case is the H on the œ carbon between the two carbonyl groups. 
This œ carbon is drawn adjacent to the B carbon of the a,B-unsaturated carbonyl compound. 
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Then draw the bonds to form the new six-membered ring. 


| most acidic œ H | Join these 2 C's together. 
fe) EtO.C 
N BYEL0,C 


H | 
nee a ‘ PE CH,CH,0- 
CH3CH,OH 
fo) 7 í 3 2 Oo 


Join these 2 C's together. New C-C bonds are 


shown in red. 


Problem 24.24 Draw the products when each pair of compounds is treated with CH3CH207, CH3CH2OH in a 
Robinson annulation reaction. 


9 9 
9 9 
o 
9 9 E10,C 9 
pb. A coott + oy i LXI + Av 
o 


To use the Robinson annulation in synthesis, you must be able to determine what starting materi- 
als are needed to prepare a given compound, by working in the retrosynthetic direction. 


How To Synthesize a Compound Using the Robinson Annulation 


Example What starting materials are needed to synthesize the following compound using a Robinson annulation? 


T e 
© 


Step [1] Locate the 2-cyclohexenone ring and re-draw the target molecule if necessary. 


e To most easily determine the starting materials, always arrange the œ,B-unsaturated carbonyl system in the same 
location. The target compound may have to be flipped or rotated, and you must be careful not to move any bonds to the 
wrong location during this process. 


t 0 eee 
Synthesize this ring. | Arrange the C=0 and C=C in the same positions as 
| in previous examples of the Robinson annulation. 


— Continued 
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T F 
4 Eri J 


A 
na 


-A [2] Break the 9-cyclohexenone ring inte two components. 


aup et ymparent, 
Brea the O= 0. One half oacormes the carbonyl group of the enciale copa! 
= = 7 am hae G cm ey k 
zar th r io whieh itis bonded, 
a Break the bond katwaen the p carbon and te cH banie which- tis 
ee || 
Add aa bond, | 
Cleave tha o bond. Adian geen > 


oF 


| Ado and atom, 


Cleave tar and a bones, 


two comporants needed tar the 
Robinson annulaian 


troblem 24.25 What starting materials are needed lo synthesize each comeaund oy a Robinson annulation? 
| 
| paia G Wie Potten D ker Aa pte. Perea: 
z he e i D | | G | | 
o j = TaT “5 tt ie at h ww Bee ek se, Se geo 
Ll | "a, - kai Oj 


KEY CONCEPTS 


- Aata La Si- Te PA C 


Carbonyl Condensation Reactions 


A 


ne Four Major Carbonyl Condensation Reactions 


Reaction type Reaction [New C- G bonds are shown in red.] 


[Alal venetian (24:1) e OHH ii =... eee 

HO ar coc 

H-R HD! H R 

PENAS B-hrysttoxy carkaryl (Band Z 

for setae bemooutd alku NEA 
arbonyi compound 


[2] Ciaisen reactior (24.5) = I [1 Worm 
“RCHS Tog otter e EN, 
H CER Fae RE Seer eye 
est! R 
ji-keta ester 


; G O u 
vt L, el oy pege pe i. rt z 
8] Michael reaction iA | + l OR ji j 
oN a ae t DT HO 
a ye A 

ah OH R e aa the 

WAU Net rabed carbonyl 
— een | žarbonyl comaouria compound taiea eempang 


farg. 
ae 


oO a fecal : 
| WPa Msaturatod carbonyl 
Carony! compound Compound 


[2] Robinson annulation 24,9) | a ico 2 hee eet 
EME 
ke = 


EHH fa Tae nore 


Variations 


I jeer Wa 
[New C- C bonds are shown In red.] 
[7] Directed aldol raactian (24.3) | 
c ., 
Hi? A Piel 3 3 
i HILOA i Pa GH eas 
‘i ae RSG-CHHt ane tae 
=a pe gi E ACH | Y n ; 2 a 
Es [3] Ha 1a H HA R HG H . 
= Hara R-hydroxy carbonyl (E and 2} 
Ara compound ; ot, Ä-unsaturated 
catanyl compound 
[2] Intermolecular aidol réaction (24.4) 
0 
| a 
CR if 
i NACE To K 
a. With 1,4-dicarbony! compounds: | 3 HOW LL 
if i 
Oo a) 
A I 
D lame 
b: With 7 5-dicarbany! compounds: i NaQEt | | 
4, O Eich F F 
See 4 Soa 
s 
Bio Heckmann reaction (24.7) 
OEt 
a, m 
a. With 7 G-diasters [ D L NaQet ; AS “OEt 
ha ee [l Hoe ey 
Et 
OEt D o 
| H 
re, T, i 47 at L ete : mon y 
Oo. With 1,7-diasters a O : [i] Maast f a 
S Ž i t2] HOt ae 
yi DEt 


PROBLEMS 


Problems Using Thrae_ni 
s Using Three Dimensional Models 
starting materials using “OH, Ho, 


24.26 Draw the aicol 
Wine aidol product formed { rom esch pair oats 


a 
* 


y a 
A ; ari a B 
2 Pg Ka 
i @ 
w 


k ye 
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24.27 What steps are needed to convert A to B? 


w w ö @- 
tir — ates 
a A) v € g 

. . e *2, 

wf 


The Aldol Reaction 


24.28 Draw the product formed from an aldol reaction with the given starting material(s) using “OH, H20. 


a. (CHg)sCHCHO only b. (CHs)sCHCHO + CH»=O 


c. CgHsCHO + CH3CH2,CH2zCHO d. (CH3CH2)oC = O only 
24.29 What four B-hydroxy aldehydes are formed by a crossed aldol reaction of CHCH CH CHO and CgH;CH,CHO? 
24.30 Draw the product formed in each directed aldol reaction. 
(8) (0) 
4 i [1] LDA i i [1] LDA 
` CH ~CH, [2] CH3CH,CH,CHO ` CHCH ~OEt [2] 
[3] H2O O. LO 
a CHO 
[3] H20 
24.31 Draw the product formed when each dicarbonyl compound undergoes an intramolecular aldol reaction followed by dehydration. 
CHO ? 7 
Sai daa b. OHC A~ A~n CHO m aw oo 
oO 
24.32 


What starting materials are needed to synthesize each compound using an aldol or similar reaction? 


(0) fe) O CHa 
12) OH 2 
a. AMK b. CsHs Cc. d. Z CH5 B. CH=CHCN 


CeHs 
24.33 A published synthesis of the analgesic nabumetone uses a crossed aldol reaction to form X. What is the structure of X? X 


is converted to nabumetone in one step by hydrogenation with H and Pd-C. (See Problem 23.29 for another way to make 


nabumetone.) 
CHO 
(CH3)20=O Hp 
NaOEt x Pd-C 
CH40 


EtOH CH,O 


0 


nabumetone 


24.34 What product is formed when a solution of A and B is treated with mild base? This reaction is the first step in the synthesis of 
rosuvastatin (sold as a calcium salt under the trade name Crestor), a drug used to treat patients with high cholesterol. 
OH OH 
— NSS SS COH 
H go 4 CO,Et CH3SO._ Mag 2 
N 
O | 
A B 


rosuvastatin 
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24.35 What dicarbonyl compound is needed to prepare each compound by an intramolecular aldol reaction? 


S ar 


24.36 Identify the structures of C and D in the following reaction sequence. 


24.37 


[1] Og è NaOH ts 
[2] (CHg)2S H20 


Explain why ketone K undergoes aldol reactions but ketone J does not. 


A- 


K J 


The Claisen and Dieckmann Reactions 


24.38 


24.39 
24.40 


24.41 


24.42 


Draw the Claisen product formed from each ester. 


a. CesHsCH»CH»CH,CO,Et c. cHo—Ò }— oco: 
b. (CHg)sCHCHsCH»CHCO.Et 


What four compounds are formed from the crossed Claisen reaction of CHCH CH 2CH2CO,Et and CH3CH2CO2Et? 
Draw the product formed from a Claisen reaction with the given starting materials using “OEt, EtOH. 

a. CHgsCH2,CH,COZEt + CgH;CO.Et (0) (0) 

b. CHCH2CH2CO2Et + (CHa)C =O 9 

c. EtO,CC(CHg)sCH»CH»CH»CO,Et e. Ọ + HCO,Et f. + on 


d. CH3CH2CO;Et + (EtO)2C =O 


What starting materials are needed to synthesize each compound by a crossed Claisen reaction? 


O 
Oo 


CH3O 
in b. iis (ms idi c. CHO d. CgHsCH(COOEt), 
CO,Et 0.60 


Even though B contains three ester groups, a single Dieckmann product results when B is treated with NaOCH; in CH30OH, 
followed by H3O*. Draw the structure and explain why it is the only product formed. 


oO 


OCH, 
CH,O 


CH,0~ SO 


Michael Reaction 


24.43 


Draw the product formed from a Michael reaction with the given starting materials using “OEt, EtOH. 


(0) 
O (0 


a. A + Clb ok. a b. +  CH,(CN), 
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24.44 What starting materials are needed to prepare each compound using a Michael reaction? 


(0) te) 
O (0) oO oO 
CN 
6 CO,Et COĻEt 
CeHs CO,Et 
24.45 ßB-Vetivone is isolated from vetiver, a perennial grass that yields a variety of compounds used in traditional eastern medicine, 

pest control, and fragrance. In one synthesis, ketone A is converted to B-vetivone by a two-step process: Michael reaction, 
followed by intramolecular aldol reaction. (a) What Michael acceptor is needed for the conjugate addition? (See Problem 23.63 


for another method to form the bicyclic ring system of B-vetivone.) (b) Draw a stepwise mechanism for the aldol reaction, which 
forms the six-membered ring. 


NOK mae “Michael” Sy = “aldol = } T 
reaction reaction 


B-vetivone 


Robinson Annulation 
24.46 Draw the product of each Robinson annulation from the given starting materials using “OH in H20 solution. 


24.47 What starting materials are needed to synthesize each compound using a Robinson annulation? 


o 9 
16) ie) O 


Reactions 

24.48 Draw the organic products formed when butanal (CH3CH2CH2CHO) is treated with each reagent. 
a. OH, H2O f. NaBHy, CHOH k. CrO3, HS0, 
b. “OH, CH2 = 0, H2O g. Hz, Pd-C |. Bro, CHCOOH 
c. [1] LDA; [2] CH3CHO; [3] H2O h. HOCH2CH2OH, TSOH m. PhP = CH2 
d. CH2(CO2Et)2, NaOEt, EtOH i. CH3NHs, mild acid n. NaCN, HCI 
e. [1] CHaLi; [2] H2O j- (CHs)2NH, mild acid o. [1] LDA; [2] CHglI 
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24.49 Draw the organic products formed in each reaction. 


O 
fe) 
-OH i [1] LDA 
a. @ = AGs —— 
Ke) CH ~CH, [2] CHsCH,CHO 
[3] HÒ 
fe) 
5 NaOEt, EtOH i a NaOCH, 
i i (CHOCO -y CHOH 
NaOEt, EtOH OHG I -OH 
c. NCCH,CO,EL —————> wee aS 
H20 


CH,CO,Et 
LA fi -OH [1] NaOEt, EtOH 
d. -m0 h. [2] H,0* 


CHO t cus? “CH, Suaa 


24.50 Fill in the lettered reagents needed for each reaction. 
O ọ o O HO i 
A CO,Et B c D 
—> a — — > 
COZEt 
(0) 
O fe) (0) 
H I Q q J 
— > — —— 
Gn Of AO n 

Oo 


24.51 Identify compounds A and B, two synthetic intermediates in the 1979 synthesis of the plant growth hormone gibberellic acid by 
Corey and Smith. Gibberellic acid induces cell division and elongation, thus making plants tall and leaves large. 


C [1] mos aa A NaOH 5 several steps 
[2] (CHg)8 (CHa) EtOH 
C15H2204 HO 


24.52 When acetaldehyde (CH3CHO) is treated with three equivalents of formaldehyde (CH2= O) in the presence of aqueous NazCOsz, 
(HOCH2)3CCHO is formed as product. Draw a stepwise mechanism for this process. 


K 


H 
COH 


gibberellic acid 


Mechanisms 


24.53 In theory, the intramolecular aldol reaction of 6-oxoheptanal could yield the three compounds shown. It turns out, though, that 
1-acetylcyclopentene is by far the major product. Why are the other two compounds formed in only minor amounts? Draw a 
stepwise mechanism to show how all three products are formed. 


o CHO 9 
a D. P + + 
CHO H,O 
6-oxoheptanal 1-acetylcyclopentene 


major product 
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24.54 Draw a stepwise mechanism for the following cyclization reaction. 


CH,00C o [1] NaOCHs | 
(6) 
JH, 
O 


COOCH; 
24.55 Draw a stepwise mechanism for the following variation of the aldol reaction, often called a nitro aldol reaction. 
(0) 
c + CHNO On, CgH;CH=CHNO. 
CH? SH 3 2 H2O 6's 2 


24.56 Draw a stepwise mechanism for the following Robinson annulation. This reaction was a key step in a synthesis of the steroid 
cortisone by R. B. Woodward and co-workers at Harvard University in 1951. 


(0) 
+ a e” NaOH 
H0” Several 
o g 
cortisone 


24.57 Reaction of X and phenylacetic acid forms an intermediate Y, which undergoes an intramolecular reaction to yield rofecoxib. 
Rofecoxib is a nonsteroidal anti-inflammatory agent once marketed under the trade name Vioxx, now withdrawn from the 
market because of increased risk of heart attacks from long-term use in some patients. Identify Y and draw a stepwise 
mechanism for its conversion to rofecoxib. 


Cw; 
—— 
CH,SO3 -DBU (3 


phenylacetic acid CH3503 
rofecoxib 


24.58 Green polymer synthesis—the preparation of polymers by environmentally friendly methods using starting materials that are not 
derived from petroleum—is an active area of research. One example is the polymerization of tulipalin A, a natural product 
derived from tulips, to afford polytulipalin. Polytulipalin has properties similar to some petroleum-derived polymers, but its 
availability from a natural source has made it a possible attractive alternative to these polymers. Polymerization occurs in the 
presence of a strong base (B:), and each new C- C bond in polytulipalin is formed by a Michael reaction. Draw a stepwise 
mechanism for the formation of one C- C bond in polytulipalin. (See Section 31.8 for other aspects of green polymer chemistry.) 

new C—C bonds 


— 


tulipalin A polytulipalin 
(a-methylene-y-butyrolactone) 


24.59 Coumarin, a naturally occurring compound isolated from lavender, sweet clover, and tonka bean, is made in the laboratory from 
o-hydroxybenzaldehyde by the reaction depicted below. Draw a stepwise mechanism for this reaction. Coumarin derivatives are 
useful synthetic anticoagulants. 


CHO Oo ọỌ 
1 ott CH,COO- Na* S 
+ 6. An a + CHCOOH + H,O 
CH; “O° “CH, 
OH or "OS 


o-hydroxybenzaldehyde coumarin 
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24.60 (a) Draw a stepwise mechanism for the reaction of ethyl 2,4-hexadienoate with diethyl oxalate in the presence of base. (b) How 
does your mechanism explain why a new carbon-carbon bond forms on C6? (c) Why is this reaction an example of a crossed 
Claisen reaction? 


O 
NOOO OEt + (CO,Et), Se m OE + EtOH 


ethyl 2,4-hexadienoate diethyl oxalate 


Synthesis 


24.61 Convert acetophenone (CgHsCOCHs) into each compound by one or more steps. You may use any other organic compounds or 
required inorganic reagents. 


(0) (e) (0) OH 
a. Mo i. C. AE A bade 
CgHy ~~ ~CeHg CH * CH CeHs 


24.62 How would you convert cyclohexanone into each compound using any required inorganic reagents and needed organic 
compounds? 


(0) 


24.63 Devise a synthesis of each compound from cyclopentanone, benzene, and organic alcohols having < 3 C's. You may also use 
any required organic or inorganic reagents. 


(0) 
o OH 


Bey 


24.64 Devise a synthesis of each compound from CH3zCH2,CH2CO.-Et, benzene, and alcohols having < 2 C's. You may also use any 
required organic or inorganic reagents. 


OH CH 
a. te b. ie on Badii tits a e's 


(0) OH (0) O 


HO 


2) 


CeHs d. 


24.65 Devise a synthesis of 2-methylcyclopentanone from cyclohexene. You may also use any required reagents. 


24.66 Octinoxate is an unsaturated ester used as an active ingredient in sunscreens. (a) What carbonyl compounds are needed to 
synthesize this compound using a condensation reaction? (b) Devise a synthesis of octinoxate from the given organic starting 
materials and any other needed reagents. 


(0) 


So 
i => O + alcohols with < 5 C’s 
CH0 HO 


octinoxate 
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General Problems 


24.67 Answer the following questions about 2-acetylcyclopentanone. 


O O a. What starting materials are needed to form 2-acetylcyclopentanone by a Claisen 


reaction that forms bond (a)? 
\ b. What starting materials are needed to form 2-acetylcyclopentanone by a Claisen 
bond (a) bond (b) i 


reaction that forms bond (b)? 
2-acetylcyclopentanone c. What product is formed when 2-acetylcyclopentanone is treated with NaOCH2CHs, 
followed by CH3I? 
d. Draw the Robinson annulation product(s) formed by reaction of 2-acetylcyclopentanone 
with methyl vinyl ketone (CH2 = CHCOCHs). 
e. Draw the structure of the most stable enol tautomer‘(s). 


24.68 Four steps in the synthesis of helminthosporal, a toxin produced by a wheat plant fungus, are shown below. 
(8) (0) 


O O 
CHO 
OO 


[3] | NaOEt, EtOH 


fe) 
OHC 
Sul + HCO,Et 
CHO [4] ó 
o 


helminthosporal 


What compounds are needed to carry out Step [1]? 

What compounds are needed to carry out Step [2]? 

Write a detailed mechanism for Step [3]. 

Write a detailed mechanism for Step [4]. What is unusual about the product of this reaction? 

Step [1] adds a formyl group (HCO -) and Step [3] removes it. Why was this apparently unnecessary process done? 


oO 2. o T o 


Challenge Problems 


24.69 Draw a stepwise mechanism for the following reaction, which was used in the synthesis of the ezetimibe (Section 20.6), a drug 
used to treat patients with high cholesterol. 


OCH;Ph 
CH,O OCHs iy CH,O 
i a a tun 
F 


24.70 Propose a stepwise mechanism for the following reaction of a B-keto ester. Suggest a reason why this rearrangement reaction occurs. 


È [1] NaOCH;CH;, 9 


CO,CH2CH3 CH3CH,OH CO.CH2CH; 
[2] H30* 
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24.71 |sophorone is formed from three molecules of acetone [(CH3)2C = O] in the presence of base. Draw a mechanism for this process. 
0 


isophorone 


24.72 Draw a stepwise mechanism for the following reaction. [Hint: Two Michael reactions are needed.] 


(0) 
[1] strong base strong base 
[2] BIRO 
A~CO,CHs 


COCH; 


24.73 4-Methylpyridine reacts with benzaldehyde (CgH;CHO) in the presence of base to form A. (a) Draw a stepwise mechanism for 
this reaction. (b) Would you expect 2-methylpyridine or 3-methylpyridine to undergo a similar type of condensation reaction? 
Explain why or why not. 


Chee -aO B Orme) + w 


4-methylpyridine 


24.74 Draw a stepwise mechanism for the following reaction, one step in the synthesis of the cholesterol-lowering drug pitavastatin, 
marketed in Japan as a calcium salt under the name Livalo. 


F 
NH» O 
hw 
H,0* DN AN CO; Et 
a NÍ 


pitavastatin 


24.75 Devise a stepwise mechanism for the following reaction, a key step in the synthesis of the antibiotic abyssomicin C. 
Abyssomicin C was isolated from sediment collected from almost 1000 ft below the surface in the Sea of Japan. 
[Hint: The mechanism begins with a Dieckmann reaction.] 


ot CO,CH, Os 9 
[1] base 
ee Oin o 
[2] mild acid o 
HO 
HO 


Onn 
abyssomicin C 
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Structure and bonding 
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Physical properties 
Spectroscopic properties 


Interesting and useful 
amines 


Preparation of amines 


Reactions of amines— 
General features 


Amines as bases 


Relative basicity of 
amines and other 
compounds 


Amines as nucleophiles 
Hofmann elimination 


Reaction of amines with 
nitrous acid 


Substitution reactions of 
aryl diazonium salts 


Coupling reactions of aryl 
diazonium salts 
Application: Synthetic 
dyes 

Application: Sulfa drugs 


Amines 


Scopolamine is a complex amine that occurs in angel's trumpets, ornamental plants with large 
trumpet-shaped flowers native to South America. Transdermal patches that release a minute 
dose of scopolamine are used to treat the nausea and vomiting associated with motion sick- 
ness. Scopolamine is an alkaloid, a naturally occurring amine derived from plant sources. In 
Chapter 25 we learn about the properties and reactions of amines like scopolamine. 


25.1 


Classifying amines as 1°, 2°, 
or 3° is reminiscent of 
classifying amides in 

Chapter 22, but is different 
from classifying other atoms 
and functional groups as 1°, 2°, 
and 3°. Compare, for example, 
a 2° amine and a 2° alcohol. A 
2° amine (ReNH) has two C-N 
bonds. A 2° alcohol (R2CHOH), 
on the other hand, has only 
one C-O bond, but two C-C 
bonds on the carbon bonded 
to oxygen. 


Problem 25.1 


Problem 25.2 


25.2 
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We now leave the chemistry of carbonyl compounds to concentrate on amines, 
organic derivatives of ammonia (NH3), formed by replacing one or more hydrogen atoms by alky] 
or aryl groups. Amines are stronger bases and better nucleophiles than other neutral organic 
compounds, so much of Chapter 25 focuses on these properties. 


Like that of alcohols, the chemistry of amines does not fit neatly into one reaction class, and this 
can make learning the reactions of amines challenging. Many interesting natural products and 
widely used drugs are amines, so you also need to know how to introduce this functional group 
into organic molecules. 


Introduction 


Amines are organic nitrogen compounds, formed by replacing one or more hydrogen atoms of 
ammonia (NH3) with alkyl groups. As discussed in Section 21.11, amines are classified as 1°, 2°, 
or 3° by the number of alkyl groups bonded to the nitrogen atom. 


R-N-H R-N-H R-N-R 
H R R 
1° amine 2° amine 3° amine 


(1 R group on N) (2 R groups on N) (3 R groups on N) 


Like ammonia, the amine nitrogen atom has a nonbonded electron pair, making it both a base 
and a nucleophile. As a result, amines react with electrophiles to form ammonium salts—com- 
pounds with four bonds to nitrogen. 


Sie Hi 
—N— + AB 2 


f 
| 
a N i F 


Reaction asa | 
| base 
Reaction as a a a Hes ER l — - 
nucleophile | TORNI ji x 
L 


E = an electrophilic site ammonium salt 


¢ The chemistry of amines is dominated by the nonbonded electron pair on the nitrogen 
atom. 


Classify each amine in the following compounds as 1°, 2°, or 3°. 
N NH 
a. Hae at pi gi See 


CeHs 
b. CH3CH20 N—CH3 
spermine 


(isolated from semen) (0) 
meperidine 
(a narcotic) 
Trade name: Demerol 


Draw the structure of a compound of molecular formula C4H;,NO that fits each description: 
(a) a compound that contains a 1° amine and a 3° alcohol; (b) a compound that contains a 
3° amine and a 1° alcohol. 


Structure and Bonding 


An amine nitrogen atom is surrounded by three atoms and one nonbonded electron pair, making 
the N atom sp’ hybridized and trigonal pyramidal, with bond angles of approximately 109.5°. 


sp? hybridized sp? hybridized 
Ni S eA, ; e _@@ 
aai Na = 2 Ha N: CH, = h i i 
w 108° 5 2 | 


147 pm d 
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Figure 25.1 
Electrostatic potential plots of 
CHs3NHp and (CHa) N 


(CHg)3N 


e Both amines clearly show the electron-rich region (in red) at the N atom. 


Because nitrogen is much more electronegative than carbon or hydrogen, the C-N and N-H 
bonds are all polar, with the N atom electron rich and the C and H atoms electron poor. The 


electrostatic potential maps in Figure 25.1 show the polar C-N and N-H bonds in CH;NH) 
(methylamine) and (CH3)3N (trimethylamine). 


An amine nitrogen atom bonded to an electron pair and three different alkyl groups is technically 
a stereogenic center, so two nonsuperimposable trigonal pyramids can be drawn. 


An amine with four different groups around N 


Now, wi 
a NG H H 4 Ng 


oa || 


nonsuperimposable mirror images 


R 


This does not mean, however, that such an amine exists as two different enantiomers, because 
one is rapidly converted to the other at room temperature. The amine flips inside out, passing 


through a trigonal planar (achiral) transition state. Because the two enantiomers interconvert, 
we can ignore the chirality of the amine nitrogen. 


R 
\ | /R 
oN —_— æ N —— N, 
HY ik eH 
R' R'H R' 


| The two mirror images are interconverted. | 


FET, 


planar transition state 


In contrast, the chirality of an ammonium salt with four different groups on N cannot be ignored. 
Because there is no nonbonded electron pair on the nitrogen atom, interconversion cannot occur, 
and the N atom is just like a carbon atom with four different groups around it. 


R" R" 
Two enantiomers of i, cat? 
an ammonium salt A” \ ‘H H YR 
| 2 K 


e The N atom of an ammonium salt is a stereogenic center when N is surrounded by four 
different groups. 
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Problem 25.3 Label the stereogenic centers in each molecule. 
OH 


AL 


\/ HO 
A ANNI b. 
\ 
H 
Ho dobutamine 


(heart stimulant used in stress tests 
to measure cardiac fitness) 


25.3 Nomenclature 
25.3A Primary Amines 


Primary amines are named using either systematic or common names. 


e To assign the systematic name, find the longest continuous carbon chain bonded 
to the amine nitrogen, and change the -e ending of the parent alkane to the suffix 
-amine. Then use the usual rules of nomenclature to number the chain and name the 
substituents. 


e To assign a common name, name the alkyl group bonded to the nitrogen atom and 
add the suffix -amine, forming a single word. 


_ Examples CHgNH, ( y 


Systematic name: methanamine Systematic name: cyclohexanamine 
Common name: methylamine Common name: cyclohexylamine 


25.3B Secondary and Tertiary Amines 


Secondary and tertiary amines having identical alkyl groups are named by using the prefix di- or 
tri- with the name of the primary amine. 


CHsCH2-N—CH,CH, CHgCH-N—GHCHg 
CH2CH3 CH3 CH 
triethylamine diisopropylamine 


Secondary and tertiary amines having more than one kind of alkyl group are named as N-substi- 
tuted primary amines, using the following procedure. 


How To Name 2° and 3° Amines with Different Alkyl Groups 


Example Name the following 2° amine: (CH3)2>CHNHCH3. 


Step[1] Designate the longest alkyl chain (or largest ring) bonded to the N atom as the parent amine and assign a 
common or systematic name. 


on 


isopropylamine (common name) 
---> or 


2-propanamine (systematic name) 


3 C’s in the 
longest chain 


Step [2] Name the other groups on the N atom as alkyl groups, alphabetize the names, and put the prefix N- before the name. 
7 
CH3 | Answer: N-methylisopropylamine (common name) 
CH3 


I 
in or 
Cryer $ N-methyl-2-propanamine (systematic name) 


one methyl substituent 
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Sample Problem 25.1 Name each amine. 


oh 
a. CH,CHCH,CH,CH,NH, b. CN 
\ 
CH3 CH2CH3 
Solution 
a. [1] A 1° amine: Find and name the longest [2] Number and name the substituents: 
chain containing the amine nitrogen. 
_CHaCHCH,CH,CH,NHp | CHaÇHCH2CH2CH;NH; 
CH Ích; 
; C4 C1 
pentane -=--> pentanamine You must use a number to show 
(5 C’s) the location of the NH» group. 


Answer: 4-methyl-1-pentanamine 


b. For a 3° amine, one alkyl group on N is the principal R group and the others are substituents. 


[1] Name the ring bonded to the N: [2] Name the substituents; 
CH CH 
a. 7” °~ a methyl and ethyl 
N N Pá 

\ Ñ group on N 
CHCH CHCH3 

cyclopentanamine Two N’s are needed, one for each alkyl group. 

or 
cyclopentylamine Answer: N-ethyl-N-methylcyclopentanamine 
or 


N-ethyl-N-methylcyclopentylamine 


Problem 25.4 Name each amine. 
NHCH2CH, 


a. CH3CH2CH(NH2)CH3 c. (wet e; Pat 


CHa 


b. (CH3CH2CH2CH3)NH d: aan A f. NHCH2CH,CH, 
NH> 


25.3C Aromatic Amines 


Aromatic amines are named as derivatives of aniline. 


om O oe 
Br 


aniline N-ethylaniline o-bromoaniline 


25.3D Miscellaneous Nomenclature Facts 
An NH) group named as a substituent is called an amino group. 


There are many different nitrogen heterocycles, and each ring type is named differently depend- 
ing on the number of N atoms in the ring, the ring size, and whether it is aromatic or not. The 
structures and names of four common nitrogen heterocycles are shown. In numbering these het- 
erocycles, the N atom is always placed at the “1” position. 


S 
OQ O®O © . 
et 
N N N N 
pyridine pyrrole piperidine pyrrolidine 
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Problem 25.5 Draw a structure corresponding to each name. 
a. 2,4-dimethyl-3-hexanamine 
b. N-methylpentylamine 
c. N-isopropyl-p-nitroaniline 
d. N-methylpiperidine 


N,N-dimethylethylamine 
2-aminocyclohexanone 
N-methylaniline 
m-ethylaniline 


7TA x0 


25.4 Physical Properties 


Amines exhibit dipole-dipole interactions because of the polar C-N and N-H bonds. Primary 
and secondary amines are also capable of intermolecular hydrogen bonding, because they 
contain N—H bonds. Because nitrogen is less electronegative than oxygen, however, inter- 
molecular hydrogen bonds between N and H are weaker than those between O and H. How these 
factors affect the physical properties of amines is summarized in Table 25.1. 


Intermolecular hydrogen bonding 
ina 1° amine 


ee + H H 
CH3 "H ” N-ch, 


Problem 25.6 Arrange the compounds in order of increasing boiling point. 


Orn Ones Oas 


Table 25.1 Physical Properties of Amines a | 


Property Observation 
Boiling point and e Primary (1°) and 2° amines have higher bp’s than similar compounds (like ethers) incapable of hydrogen 
melting point bonding, but lower bp’s than alcohols that have stronger intermolecular hydrogen bonds. 
CH,CH,OCH,CH CH3CH,CHsCHsNH> CH3CH,CH,CH,OH 
MW = 74 MW = 73 MW = 74 
bp 38 °C bp 78 °C bp 118 °C 


zz 


Increasing intermolecular forces 
Increasing boiling point 


e Tertiary (3°) amines have lower boiling points than 1° and 2° amines of comparable molecular weight, 
because they have no N—H bonds and are incapable of hydrogen bonding. 


| 3° amine | CH3CH»N(CHs) CH3CH»—N—CH,CHg<— 2° amine 
H higher bp 


MW = 73 MW = 73 
bp 38 °C bp 56 °C 
no N-H bond N-H bond 
Solubility e Amines are soluble in organic solvents regardless of size. 


e All amines having < 5 C’s are H20 soluble because they can hydrogen bond with H20 (Section 3.4C). 


. © Amines having > 5 C’s are H20 insoluble because the nonpolar alkyl portion is too large to dissolve in 
the polar H20 solvent. 


MW = molecular weight 
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25.5 Spectroscopic Properties 


Amines exhibit characteristic features in their mass spectra, IR spectra, and 'H and PC NMR 
spectra. 


25.5A Mass Spectra 


Amines differ from compounds that contain only C, H, and O atoms, which always have a 
molecular ion with an even mass in their mass spectra. This is apparent in the mass spectrum of 
see butylamine, which is shown in Figure 25.2. 
The general molecular formula 
for an amine with one N atom e Amines with an odd number of N atoms give an odd molecular ion in their mass 


is C,Hon + 3N. spectra. 


i 100 
Figure 25.2 CHgCHsCHsCH»NH> 
Mass spectrum of butylamine Molecular weight = 73 


50 


parent peak 
miz=73 


Relative abundance 


O 10 20 30 40 50 60 70 80 90 100 
miz 


e The molecular ion for CH3CH2CH2CH-NH; occurs at m/z = 73. This odd mass for a molecular ion is 
characteristic of an amine with an odd number of N atoms. 


25.5B IR Spectra 


Amines with N-H bonds show characteristic absorptions in their IR spectra. 


e 1° Amines show two N- H absorptions at 3300-3500 cm”. 
e 2° Amines show one N-H absorption at 3300-3500 cm”. 


Because 3° amines have no N-H bonds, they do not absorb in this region in their IR spectra. The 
single bond region (> 2500 cm’) of the IR spectra for 1°, 2°, and 3° amines illustrates these 
features in Figure 25.3. 


Figure 25.3 The single bond region of the IR spectra for a 1°, 2°, and 3° amine 


a. 1° Amine b. 2° Amine c. 3° Amine 
r CH,CH,CH,CH,NH, i CH,CH,NHCH,CH, (CH3),NCH,CH 


Se 
2 N-H peaks 


N-H peak = 50 


% Transmittance 
ol 
oe 


4000 3500 3000 2500 4000 3500 3000 2500 4000 3500 3000 2500 
Wavenumber (cm) Wavenumber (cm) Wavenumber (cm) 
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Problem 25.7 


Figure 25.4 


The 'H NMR spectrum 
of N-methylaniline 


25.6 


25.6A 


The word alkaloid is derived 
from the word alkali, because 
aqueous solutions of alkaloids 
are slightly basic. 
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NMR Spectra 


Amines exhibit the following characteristic 'H NMR and '°C NMR absorptions. 
e The NH signal appears between 0.5 and 5.0 ppm. The exact location depends on the 
degree of hydrogen bonding and the concentration of the sample. 
¢ The protons on the carbon bonded to the amine nitrogen are deshielded and typically absorb 
at 2.3-3.0 ppm. 
e In the °C NMR spectrum, the carbon bonded to the N atom is deshielded and typically 
absorbs at 30-50 ppm. 


Like the OH absorption of an alcohol, the NH absorption is not split by adjacent protons, nor 
does it cause splitting of adjacent C-H absorptions in a !H NMR spectrum. The NH peak 
of an amine is sometimes somewhat broader than other peaks in the spectrum. The 'H NMR 
spectrum of N-methylaniline is shown in Figure 25.4. 


What is the structure of an unknown compound with molecular formula CsH15N that gives the 
following 'H NMR absorptions: 0.9 (singlet, 1 H), 1.10 (triplet, 3 H}, 1.15 (singlet, 9 H), and 2.6 
(quartet, 2 H) ppm? 


N-CH 
Care 


N-methylaniline 


e The CH; group appears as a singlet at 2.7 ppm because there is no splitting by the adjacent NH 
proton. 

e The NH proton appears as a broad singlet at 3.6 ppm. 

e The five H atoms of the aromatic ring appear as a complex pattern at 6.6-7.2 ppm. 


Interesting and Useful Amines 


A great many simple and complex amines occur in nature, and others with biological activity 
have been synthesized in the lab. 


Simple Amines and Alkaloids 


Many low molecular weight amines have very foul odors. Trimethylamine [(CH3)3N], formed 
when enzymes break down certain fish proteins, has the characteristic odor of rotting fish. 
Putrescine (NH,CH,CH,CH,CH,NH,) and cadaverine (NH,CH,CH,CH,CH»CH,NH,) are 
both poisonous diamines with putrid odors. They, too, are present in rotting fish, and are partly 
responsible for the odors of semen, urine, and bad breath. 


Naturally occurring amines derived from plant sources are called alkaloids. Alkaloids previ- 
ously encountered in the text include quinine (Problem 17.13), morphine (Section 22.9), and 
cocaine (Problem 3.46). Three other common alkaloids are atropine, nicotine, and coniine, 
illustrated in Figure 25.5. 
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Figure 25.5 
Three common alkaloids — 
Atropine, nicotine, and coniine 


25.6B 


N NH2 
¢ y~ 

N 

H 


histamine 


e Atropine is an alkaloid isolated from Atropa 
belladonna, the deadly nightshade plant. in 
the Renaissance, women used the juice of 
the berries of the nightshade to enlarge the 
pupils of their eyes for cosmetic reasons. 
Atropine causes an increase in heart rate, 
relaxes smooth muscles, and interferes with 
nerve impulses transmitted by acetylcholine. 
In higher doses atropine is poisonous, 
leading to convulsions, coma, and death. 


3~N 


(0) 
atropine 


Nicotine is an addictive and highly toxic 
compound isolated from tobacco. In small 
doses it acts as a stimulant, but in large 
doses it causes depression, nausea, and 
even death. Nicotine is synthesized in plants 
as a defense against insect predators, and is 


at used commercially as an insecticide. 
nicotine 


fell ANNS 
H H 


coniine 


tobacco 


Coniine, a poisonous alkaloid isolated from 
the seeds, leaves, and roots of hemlock 
(Conium maculatum), has been known since 
ancient times. Ingestion causes weakness, 
paralysis, and finally death. The Greek 
philosopher Socrates was executed by being 
forced to drink a potion prepared from 
hemlock in 339 B.c. 


Histamine and Antihistamines 


Histamine, a rather simple triamine first discussed in Section 17.8, is responsible for a wide 
variety of physiological effects. Histamine is a vasodilator (it dilates capillaries), so it is released 
at the site of an injury or infection to increase blood flow. It is also responsible for the symptoms 
of allergies, including a runny nose and watery eyes. In the stomach, histamine stimulates the 
secretion of acid. 


Understanding the central role of histamine in these biochemical processes has helped chemists 
design drugs to counteract some of its undesirable effects. 


OH WN 
N BOR S 
/ ) 4 ) $ S CH3 
é N ¢ L y 
HO COOH N CH SON 
Ss H 3 
fi 


cimetidine 
exofenadine (Tagamet) 
antihistamine antiulcer drug 


Antihistamines bind to the same active site of the enzyme that binds histamine in the cell, but 
they evoke a different response. An antihistamine like fexofenadine (trade name Allegra), for 
example, inhibits vasodilation, so it is used to treat the symptoms of the common cold and aller- 
gies. Unlike many antihistamines, fexofenadine does not cause drowsiness because it binds to 
histamine receptors but does not cross the blood-brain barrier, so it does not affect the central 
nervous system. Cimetidine (trade name Tagamet) is a histamine mimic that blocks the secretion 
of hydrochloric acid in the stomach, so it is used to treat individuals with ulcers. 
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25.6C Derivatives of 2-Phenylethylamine 


A large number of physiologically active compounds are derived from 2-phenylethylamine, 
CsH;CH,CH,NH). Some of these compounds are synthesized in cells and needed to main- 
tain healthy mental function. Others are isolated from plant sources or are synthesized in the 
laboratory and have a profound effect on the brain because they interfere with normal neu- 
rochemistry. These compounds include adrenaline, noradrenaline, methamphetamine, and 
mescaline. Each contains a benzene ring bonded to a two-carbon unit with a nitrogen atom 
(shown in red). 


H OH 
HO DW A NHCH 3 
HO” >` 
adrenaline noradrenaline 
(epinephrine) (norepinephrine) 
a hormone secreted in response to stress a neurotransmitter that increases heart rate 
(Figure 7.14) and dilates air passages 
CH,0 NH3 
NHCHg3 
CT tts, CH,0 
OCH, 
methamphetamine mescaline 

an addictive stimulant sold as a hallucinogen isolated from peyote, a cactus native 
speed, meth, or crystal meth to the southwestern United States and Mexico 


Another example, dopamine, is a neurotransmitter, a chemical messenger released by one nerve 
cell (neuron), which then binds to a receptor in a neighboring target cell (Figure 25.6). Dopamine 


Figure 25.6 Dopamine—A neurotransmitter 


opamine is released by one nerve cell, and 
then binds to a receptor site in a target cell. 


i TN basal ganglia 


neuron 
cell body 


frontal lobe 


dopamine 
pathways 


Parkinson’s disease is characterized by degeneration 
of dopamine nerve pathways in the basa! ganglia. 
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Cocaine, amphetamines, and 
several other addicting drugs 
increase the level of dopamine 
in the brain, which results in a 
pleasurable “high.” With time, 
the brain adapts to increased 
dopamine levels, so more 
drug is required for the same 
sensation. 


Bufo toads from the Amazon 
jungle are the source of the 
hallucinogen bufotenin. 


Problem 25.8 


25.7 


In the preparations of a 
given functional group, many 
different starting materials 
form a common product 
(amines, in this case). 


25.7A 
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affects brain processes that control movement and emotions, so proper dopamine levels are 
necessary to maintain an individual’s mental and physical health. For example, when dopamine- 
producing neurons die, the level of dopamine drops, resulting in the loss of motor control symp- 
tomatic of Parkinson’s disease. 


Serotonin is a neurotransmitter that plays an important role in mood, sleep, perception, and 
temperature regulation. A deficiency of serotonin causes depression. Understanding the central 
role of serotonin in determining one’s mood has led to the development of a variety of drugs for 
the treatment of depression. The most widely used antidepressants today are selective serotonin 
reuptake inhibitors (SSRIs). These drugs act by inhibiting the reuptake of serotonin by the neu- 
rons that produce it, thus effectively increasing its concentration. Fluoxetine (trade name Prozac) 
is a common antidepressant that acts in this way. 


CH;CH,NH, NHCHs 
HO. 
N 
H 
serotonin fluoxetine 


Drugs that interfere with the metabolism of serotonin have a profound effect on mental state. 
For example, bufotenin, isolated from Bufo toads from the Amazon jungle, and psilocin, iso- 
lated from Psilocybe mushrooms, are very similar in structure to serotonin and both cause 
intense hallucinations. 


CH,CHyN(CHs)p OH CH CHN(CH3)2 
HO 
\ \ 
N N 
H H 
bufotenin psilocin 


LSD (a hallucinogen) and codeine (a narcotic) are structurally more complex derivatives of 
2-phenylethylamine. Identify the atoms of 2-phenylethylamine in each of the following compounds. 


fe) 
_CH 
a. (CHgCH>)2N N i 3 b. 
X 
\ 
N codeine 
\ 
LSD H 


lysergic acid diethyl amide 


Preparation of Amines 
Three types of reactions are used to prepare an amine: 
[1] Nucleophilic substitution using nitrogen nucleophiles 


[2] Reduction of other nitrogen-containing functional groups 
[3] Reductive amination of aldehydes and ketones 


Nucleophilic Substitution Routes to Amines 


Nucleophilic substitution is the key step in two different methods for synthesizing amines: direct 
nucleophilic substitution and the Gabriel synthesis of 1° amines. 
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Direct Nucleophilic Substitution 


Conceptually, the simplest method to synthesize an amine is by Sy2 reaction of an alkyl halide 
with NH; or an amine. The method requires two steps: 


[1] Nucleophilic attack of the nitrogen nucleophile forms an ammonium salt. 
[2] Removal of a proton on N forms the amine. 


Nucleophile | ~N | Product | 
H \, 


ali, Sp2 cl, Ñh i. : 
[1] RTX + NH, — et —— R-NH, + NH, 
H x 1° amine 
ES 
Sy2 ©, RINK z P 
[2] jt + R'NH, ——> R=N=H —— R-N-H + R'NHg 
EX R' 
P S 2° amine 
P T Sy2 ot RL NH . , 
[3] R-X + RENI = R-N -R ĄĀ———=— R-N-R' + R'oNH 
Vy 2 | | genta 
R' X- R' 
3° amine 
L s j 
[4] RT + RN = R-N-R' 
R' X 
R = CH3 or 1° alkyl quaternary 


ammonium salt 


The identity of the nitrogen nucleophile determines the type of amine or ammonium salt formed 
as product. One new carbon-nitrogen bond is formed in each reaction. Because the reaction fol- 
lows an Sy2 mechanism, the alkyl halide must be unhindered—that is, CHX or RCH,X. 


Although this process seems straightforward, polyalkylation of the nitrogen nucleophile limits 
its usefulness. Any amine formed by nucleophilic substitution still has a nonbonded elec- 
tron pair, making it a nucleophile as well, It will react with remaining alkyl halide to form a 
more substituted amine. Because of this, a mixture of 1°, 2°, and 3° amines often results. Only 
the final product—called a quaternary ammonium salt because it has four alkyl groups on 
N—cannot react further, and so the reaction stops. 


As a result, this reaction is most useful for preparing 1° amines by using a very large excess of 
NH; (a relatively inexpensive starting material) and for preparing quaternary ammonium salts by 
alkylating any nitrogen nucleophile with one or more equivalents of alkyl halide. 


Useful S2 | = Re 8 
substitutions CHgCH2,CH,—Br + NHg R CH3CHCH—-NH; + NH, Br 
excess 1° amine 
-a ÇH; 
CHBr + CH,-N ——> CHyN* + Br 
Y : CH 


3 
quaternary ammonium salt 


Problem 25.9 Draw the product of each reaction. 
a, Sg) + NH = =—— b. Can + CHCHBr ———> 


(excess) (excess) 
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The Gabriel Synthesis of 1° Amines 


To avoid polyalkylation, a nitrogen nucleophile can be used that reacts in a single nucleophilic 
substitution reaction—that is, the reaction forms a product that does not contain a nucleophilic 
nitrogen atom capable of reacting further. 


The Gabriel synthesis consists of two steps and uses a resonance-stabilized nitrogen nucleo- 
phile to synthesize 1° amines via nucleophilic substitution. The Gabriel synthesis begins with 
phthalimide, one of a group of compounds called imides. The N-H bond of an imide is espe- 
cially acidic because the resulting anion is resonance stabilized by the two flanking carbonyl 


groups. 
OF 0 
en . 
:0 pes OF 


phthalimide resonance-stabilized anion 
pk, = 10 


An acid-base reaction forms a nucleophilic anion that can react with an unhindered alkyl 
halide—that is, CH3X or RCH,X—in an Sy2 reaction to form a substitution product. This alkyl- 
ated imide is then hydrolyzed with aqueous base to give a 1° amine and a dicarboxylate. This 
reaction is similar to the hydrolysis of amides to afford carboxylate anions and amines, as dis- 
cussed in Section 22.13. The overall result of this two-step sequence is nucleophilic substitu- 
tion of X by NH,, so the Gabriel synthesis can be used to prepare 1° amines only. 


[ Steps i in the Gabriel synthesis | 


CO7 
-OH i 5 
nx + OH R-N: ——— R-ÑH, + 
Ea H20 co- 
[2] 1° amine 2 


imi dicarboxylate 
| maan hilic | alkylated imide | Gr podn 
a) xX hydrolysis 


R = CH, or 1° alkyl eae 


e The Gabriel synthesis converts an alkyl halide into a 1° amine by a two-step process: 
nucleophilic substitution followed by hydrolysis. 


p 


| Example | 


new C-N h 
(6) 


p Sp2 
CHaCH27Br | + “N aN CHgCH2—-N pos —S CH3CH> NH, | Oo 
| O by- Bka 
- Overall result—Substitution of Br by NH, of Br by NH, 


Problem 25.10 What alkyl halide is needed to prepare each 1° amine by a Gabrie] synthesis? 


CH,0 NHp 
a. DPD Me b. (CH3)2>CHCHsCH2NH2 C. O~ 


Problem 25.11 


25.7B 


[1] 


[2] 


[3] 
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Which amines cannot be prepared by a Gabriel synthesis? Explain your choices. 


Reduction of Other Functional Groups That Contain Nitrogen 


Amines can be prepared by reduction of nitro compounds, nitriles, and amides. Because the 
details of these reactions have been discussed previously, they are presented here in summary 
form only. 


From nitro compounds (Section 18.15C) 


Nitro groups are reduced to 1° amines using a variety of reducing agents. 


Ho, Pd-C 
or 
hes a Nhe 
or 1° amine 
Sn, HCI 
From nitriles (Section 22.18B) 
Nitriles are reduced to 1° amines with LiAIH,. 
r-cen HHAH R-CHANH 
~~ [PHO pets 
1° amine 


Because a cyano group is readily introduced by Sy2 substitution of alkyl halides with “CN, this 
provides a two-step method to convert an alkyl halide to a 1° amine with one more carbon 
atom. The conversion of CH3Br to CH;CH,NH, illustrates this two-step sequence. 


ample | NaCN 1] LiAIH 
Example CH,—Br CH7 C=N ICIAP l $ CH3—CHNH3 
Sp2 Kag [2] H0O a: 
is — 1° amine 
| new C- -C bond | 


From amides (Section 20.7B) 


Primary (1°), 2°, and 3° amides are reduced to 1°, 2°, and 3° amines, respectively, by using 
LiAlHy. 


? [1] LiAIH, 
u Bat om 
1° amide 
? [1] LiAIH, . 
A-CSNHR'  [2]H,0 a 
2 amide 2° amine 
9 [1] LiAIH, . 
ana, gmo PONR 
3° amide R 


3° amine 
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Problem 25.12 What nitro compound, nitrile, and amide are reduced to each compound? 


Gy SMart _ (chav a i T 
CH, 
Problem 25.12 What amine is formed by reduction of each amide? 


(0) 


fe) 
CONH; ee 
a. Cy b. yy c. ~N Anon, 


Problem 2514 Which amines cannot be prepared by reduction of an amide? 


NH» NH, ps 


25.7C Reductive Amination of Aldehydes and Ketones 


Reductive amination is a two-step method that converts aldehydes and ketones into 1°, 2°, 
and 3° amines. Let’s first examine this method using NH; to prepare 1° amines. There are two 
distinct parts in reductive amination: 


[1] Nucleophilic attack of NH; on the carbonyl group forms an imine (Section 21.11A), 
which is not isolated; then, 


[2] Reduction of the imine forms an amine (Section 20.7B). 


| Reductive amination— R NH R [H] R 
| A two-step process =o a ee ‘O=NH s R=C-NH2 
A " 7 


/ ! 
H | R' J H o 
R' = H or alkyl imine 1 amine | new bonds 
i + ES —— za 
nucleophilic attack | HO | reduction | 


fi 


e Reductive amination replaces a C=O by a C-H and C-N bond. 


The most effective reducing agent for this reaction is sodium cyanoborohydride (NaBH4CN). 
This hydride reagent is a derivative of sodium borohydride (NaBH,), formed by replacing one H 


atom by CN. 
NaBH,CN 
sodium cyanoborohydride 


Reductive amination combines two reactions we have already learned in a different way. Two 
examples are shown. The second reaction is noteworthy because the product is amphetamine, a 
potent central nervous system stimulant. 


pee CH 
| Examples | = NH3 ai = 
OR 3g C5NH, 

cH, NaBH3CN IN: — 


` new bonds | 


OL Ae 
NaBH3CN ` new bonds | 


| 


amphetamine 
a powerful stimulant 
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With a 1° or 2° amine as starting material, reductive amination is used to prepare 2° and 3° 
amines, respectively. Note the result: Reductive amination uses an aldehyde or ketone to replace 
one H atom on a nitrogen atom by an alkyl group, making a more substituted amine. 


R R NaBH,CN R 
[i] =o + R"NH, => (C=NR" = a aa 
R' 1° amine R' H H 
imine 2° amine 
R Ro a NaBH3CN ig 
[2] =O + R",NH —> JG=NR"2 ————+ R'-G-N-R" 
R' 2° amine R' H RY 
R' = H or alkyl iminium ion 3° amine 


The synthesis of methamphetamine (Section 25.6C) by reductive amination is illustrated in 
Figure 25.7. 


Problem 25.15 Draw the product of each reaction. 


CHNH 
a. CHO — a o isa 
NaBH,CN NaBH,CN 
o O NaBHCN 
i Nh a Ş i. —— 
NaBH,CN 


Problem 25.16 Enalapril, a drug used to treat hypertension, is prepared from compounds D and E by reductive 
amination. What is the structure of enalapril? 


o 
e 5 OCH,CH, 


D E 
Figure 25.7 1° amine 
Synthesis of methamphetamine | 
by reductive amination CH3 CHa . — j 
y BA i jai CHNH2 —A-— | The C=Ois replaced by 
| 0 | NaBH,CN H NHCH, C-H and C-N bonds. 
2° amine 


methamphetamine 


e In reductive amination, one of the H atoms bonded to N is replaced by an alkyl group. As a result, 
a 1° amine is converted to a 2° amine and a 2° amine is converted to a 3° amine. In this reaction, 
CH3NHp (a 1° amine) is converted to methamphetamine (a 2° amine). 
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To use reductive amination in synthesis, you must be able to determine what aldehyde or ketone 
and nitrogen compound are needed to prepare a given amine—that is, you must work backwards 
in the retrosynthetic direction. Keep in mind the following two points: 


e One alkyl group on N comes from the carbonyl compound. 
e The remainder of the molecule comes from NH; or an amine. 


_ Two components needed | 


Product of 
| reductive amination 


| | = SN — amine or NH3 
| == | => Y0 
= aldehyde or ketone 


For example, 2-phenylethylamine is a 1° amine, so it has only one alkyl group bonded to N. This 
alkyl group must come from the carbonyl compound, and the rest of the molecule then comes 
from the nitrogen component. For a 1° amine, the nitrogen component must be NH. 


[ = 5 ; vi 1 
| Retrosynthetic analysis for preparing 2-phenylethylamine: | 


Form this C—N bond. 


a = 
K J ohoh ( Jeroni | = | NHs | nitrogen nucleophile 
H t 


2-phenylethylamine =- 


O 
j 
Oo 
\ 
H 


carbonyl component 


There is usually more than one way to use reductive amination to synthesize 2° and 3° amines, 
as shown in Sample Problem 25.2 for a 2° amine. 


Sample Problem 25.2 What aldehyde or ketone and nitrogen component are needed to synthesize N-ethylcyclohexanamine 


by a reductive amination reaction? 
Cy CH,CH3 
H 


N-ethylcyclohexanamine 


Solution 


Because N-ethylcyclohexanamine has two different alkyl groups bonded to the N atom, either R 
group can come from the carbonyl component and there are two different ways to form a C- N 
bond by reductive amination. 


Possibility [1] Use CHCH NH3 and Possibility [2] Use cyclohexylamine 
cyclohexanone. and an aldehyde. 


| - | 
C yoon ==> H,N-CH,CH, 
H 


N 
- 1° amine | H 

| Į 
O= COs 


1° amine 


PAARE Q 
CHCH, | => (C-CH, 
| H 


Because reductive amination adds one R group to a nitrogen atom, both routes to form the 2° 
amine begin with a 1° amine. 
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Problem 25.17 What starting materials are needed to prepare each drug using reductive amination? Give all 
possible pairs of compounds when more than one route is possible. 


OH 
a. NH2 b; NHCH, 
rimantadine pseudoephedrine 
antiviral used to treat influenza nasal decongestant 


Problem 25.18 (a) Explain why phentermine [PhCH2C(CHg)2NH,] can't be made by a reductive amination reaction. 
(b) Give a systematic name for phentermine, one of the components of the banned diet drug 
fen-phen. 


25.8 Reactions of Amines—General Features 
e The chemistry of amines is dominated by the lone pair of electrons on nitrogen. 
Only three elements in the second row of the periodic table have nonbonded electron pairs in 
neutral organic compounds: nitrogen, oxygen, and fluorine. Because basicity and nucleophilicity 


decrease across the row, nitrogen is the most basic and most nucleophilic of these elements. 


E 


d creasing basicity and nucieophiticity 


e Amines are stronger bases and nucleophiles than other neutral organic compounds. 


— = H 


b < St | 
Reactionasa | ý ŠA s e a 
| base | | 
Inen eA E 
eaction as a K T g 
nucleophile | =N + EX pg x 


E = an electrophilic site 


e Amines react as bases with compounds that contain acidic protons. 
e Amines react as nucleophiles with compounds that contain electrophilic carbons. 


25.9 Amines as Bases 


Amines react as bases with a variety of organic and inorganic acids. 


= ————— J y = 
A Brønsted-Lowry RAH + wh se R-NH, + :A 
acid-base reaction base acid conjugate acid 
t pK, = 10-11 


To favor the products, the 
pk, of HA must be < 10. 


What acids can be used to protonate an amine’? Equilibrium favors the products of an acid-base 
reaction when the weaker acid and base are formed. Because the pK, of many protonated amines 
is 10-11, the pK, of the starting acid must be less than 10 for equilibrium to favor the products. 
Amines are thus readily protonated by strong inorganic acids like HC] and H,SQ,, and by car- 
boxylic acids as well. 
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H 
pK, =-7 pK, = 10.8 
o O 
(CHCH: + N AG => (CHaCH)NH + ° 
3 2 m Ho “CH, = 3 2/3 -0° SCH 
pk, =4.8 pk, = 11.0 


Equilibrium favors the products. 


Themneisles use daan Because amines are protonated by aqueous acid, they can be separated from other organic com- 
hihaisin direwes pounds by extraction using a separatory funnel. Extraction separates compounds based on solu- 
detailed in:Section 7:42 bility differences. When an amine is protonated by aqueous acid, its solubility properties change. 


For example, when cyclohexylamine is treated with aqueous HCI, it is protonated, forming an 
ammonium salt. Because the ammonium salt is ionic, it is soluble in water, but insoluble in 
organic solvents. A similar acid-base reaction does not occur with other organic compounds like 
alcohols, which are much less basic. 


(iin, + H-Cl ——> ( Yin + cr 


cyclohexylamine cyclohexylammonium chloride 
e insoluble in HzO e soluble in H2O 
e soluble in CHCl. e insoluble in CHsCly 


This difference in acid—base chemistry can be used to separate cyclohexylamine and cyclohexa- 
nol by the stepwise extraction procedure illustrated in Figure 25.8. 


Figure 25.8 Separation of cyclohexylamine and cyclohexanol by an extraction procedure 


Step [1] Dissolve cyclohexylamine Step [2] Add 10% HCI solution to form two Step [8] Separate the layers. 
and cyclohexanol in CH2Cle. layers. 


ie a 
| - | NH; 
| En m cor | 
+ [2] Add Eao 
OH - 10% HC! = 5 
| 7 CH,Cl, solution. _CH2Cls | a OH (3] 


Separate 
the layers 
+ J 


in = in CHCl. 

¢ Both compounds dissolve in the e Adding 10% aqueous HCI solution e Draining the lower layer 
organic solvent CH2Clo. forms two layers. When the two layers out the bottom stopcock 
are mixed, the HCI protonates the separates the two layers, 

amine (RNH,) to form RNH3*CI, which e Cyclohexanol (dissolved 
dissolves in the aqueous layer. in CH2Clz) is in one flask. 

e The cyclohexanol remains in the CH2Clo The ammonium salt, 
layer. RNH,*CI° (dissolved in 


water), is in another flask. 
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e An amine can be separated from other organic compounds by converting it to a water- 
soluble ammonium salt by an acid-base reaction. 


Thus, the water-soluble salt CsH; ,NH;*CI (obtained by protonation of CsH,,NH,) can be sepa- 
rated from water-insoluble cyclohexanol by an aqueous extraction procedure. 


Problem 25.19 Draw the products of each acid-base reaction. Indicate whether equilibrium favors the reactants or 
products. 


diphenhydramine H X a. CH3CHCH2CHə-NH>; + HCl === c. O + HO == 
anit : 
b. CgH;COOH + (CH3).NH ===> N 


Many water-insoluble amines with useful medicinal properties are sold as their water-soluble 
ammonium salts, which are more easily transported through the body in the aqueous medium 
of the blood. Benadryl, formed by treating diphenhydramine with HCl, is an over-the-counter 
antihistamine that is used to relieve the itch and irritation of skin rashes and hives. 


i + = 
| 5 A AÑ(CHa)2 + a —> gs CHa CI 


Many antihistamines and l diphenhydramine ammonium salt 
decongestants are sold as their water insoluble Benadryl 
ammonium salts. (diphenhydramine hydrochloride) 


— water soluble 


Problem 25,20 Write out steps to show how each of the following pairs of compounds can be separated by an 
extraction procedure. 


a. Cn and ( Yon b. (CH3CHsCHeCHs)gN and (CHgCHsCHsCHs)s0 


25.10 Relative Basicity of Amines and Other Compounds 


The relative acidity of different compounds can be compared using their pK, values. The relative 
basicity of different compounds (such as amines) can be compared using the pK, values of their 
conjugate acids. 


e The weaker the conjugate acid, the higher its pK, and the stronger the base. 


ii = 
R-NH, + ME R-ŇH; + :A 
base conjugate acid 


stronger base 


The weaker the acid, 
the higher the pKa. 


To compare the basicity of two compounds, keep in mind the following: 


e Any factor that increases the electron density on the N atom increases an amine’s 
basicity. 
e Any factor that decreases the electron density on N decreases an amine’s basicity. 
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25.10A Comparing an Amine and NH; 


Because alkyl groups are electron donating, they increase the electron density on nitrogen, which 
makes an amine like CH;CH,NH, more basic than NH}. In fact, the pK, of CH;CH,NH;° is 
higher than the pK, of NH,*, so CH;CH,NH, is a stronger base than NH3. 


x 2 
pKa =93  H-ÑŇH; NHg 
lower pK, | ' 
| stronger acid | __ weaker base | 
7 + Pe al One electron-donor group 
pK, =108 her, 5 CHgCH2—NHa makes the amine more basic. | 
higher pKa S| 


l stronger yer base | 
| weaker acidi 
The relative basicity of 1°, 2°, 


and 3° amines depends on 
additional factors, and will not e Primary (1°), 2°, and 3° alkylamines are more basic than NH; because of the electron- 
be considered in this text. donating inductive effect of the R groups. 


Probionn 45.21 Which compound in each pair is more basic: (a) (CHa)2NH and NH; (b) CHsCH2NH» and 
CICH2CH2NH2? 


25.10B Comparing an Alkylamine and an Arylamine 


To compare an alkylamine (CH;CH,NH,) and an arylamine (C6H;NH,, aniline), we must look 
at the availability of the nonbonded electron pair on N. With CH3;CH,NH), the electron pair is 
localized on the N atom. With an arylamine, however, the electron pair is now delocalized on 
the benzene ring. This decreases the electron density on N, and makes CsH;NH, less basic than 
CH3;CH,NH). 


CH,CH,—NH,<— The electron pair is localized on the N atom. | 


~ 


xO CNH, 


NH» NH, A 
Ot gO o" 
OA 


The giectron pair is delocalized on the benzene ring. | 


on 


Once again, pK, values support this reasoning. Because the pK, of CH;CH,NH;" is higher than 
the pK, of CsH;NH;°, CH,CH,NH, is a stronger base than CsH;NH). 


CeHs— -ÅHs CeHs-ÑHp CHaCH3—ÑŇH; CH3CH>—NH, 

lower pKa | i | higher pK, ray] 
stronger acid — i weaker base veaa arid m stronger base | 
pK, = 4.6 (pK, = 10.8 


ə Arylamines are less basic than alkylamines because the electron pair on N is 
delocalized. 
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Substituted anilines are more or less basic than aniline depending on the nature of the substituent. 


e Electron-donor groups add electron density to the benzene ring, making the arylamine 
more basic than aniline. 


| D = electron-donor group | 


3 Ja" E 


D makes the amine 
more basic than aniline. 


——— 


e Electron-withdrawing groups remove electron density from the benzene ring, making 
the arylamine less basic than aniline. i 


oen ai 
| W = electron-withdrawing group | 


The effect of electron-donating W makes the amine 

and electron-withdrawing less basic than aniline. 

groups on the acidity of 

substituted benzoic acids was ; ; i HAR 

disoussed’in Section 19.14. Whether a substituent donates or withdraws electron density depends on the balance of its induc- 
tive and resonance effects (Section 18.6 and Figure 18.7). 


Sample Problem 25.3 Rank the following compounds in order of increasing basicity, 


O 


2 


aniline p-nitroaniline p-methylaniline 
(p-toluidine) 
Solution 
p-Nitroaniline: NO, is an electron- p-Methylaniline: CH; has an electron- 
withdrawing group, making the amine donating inductive effect, making the 
less basic than aniline. amine more basic than aniline. 
i ÑH NH. 
x48 ner: me wy or 
an ON CH > 
10” OF 


| The lone pair on N is delocalized on the O atom, | 
decreasing the basicity of the amine. 


CH; inductively donates electron density, 
increasing the basicity of the amine. 


NH, NH, NH, 
ON” b $ CH $ 


p-nitroaniline aniline p-methylaniline 
(p-toluidine) 
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Figure 25.9 


Electrostatic potential plots 
of substituted anilines 


Problem 25.22 


25.10C 


p-Nitroaniline Aniline p-Methylaniline 
(p-toluidine) 


The NH: group gets more electron rich as the para substituent changes from NO; > H > CHs. 
This is indicated by the color change around NH; (from green to yellow to red) in the electrostatic 
potential plot. 


The electrostatic potential plots in Figure 25.9 demonstrate that the electron density of the nitro- 
gen atoms in these anilines increases in the order shown. 


Rank the compounds in each group in order of increasing basicity. 


NH3 NH2 NH2 
j Cy Sy 
CH,O CH,00C 


NH. NH NH 
2 cr 2 | SQ 2 
SZ one 


Comparing an Alkylamine and an Amide 


To compare the basicity of an alkylamine (RNH2) and an amide (RCONH)), we must once again 
compare the availability of the nonbonded electron pair on nitrogen. With RNH), the electron 
pair is localized on the N atom. With an amide, however, the electron pair is delocalized on the 
carbonyl oxygen by resonance. This decreases the electron density on N, making an amide 
much less basic than an alkylamine. 


© T 
R “NH, R~ SNH, 


The electron pair on N is delocalized on O by resonance. 


e Amides are much less basic than amines because the electron pair on N is delocalized. 
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In fact, amides are not much more basic than any carbonyl compound. When an amide is 
treated with acid, protonation occurs at the carbonyl oxygen, not the nitrogen, because the 
resulting cation is resonance stabilized. The product of protonation of the NH, group cannot 
be resonance stabilized. 


Preferred pathway 


Protonation ofthe | Q~ A en i. sh 
O atom Cu. HA — Ons <-> OA — Ot + tA 
R NH3 R NH3 R * “NH» R NH2 
three resonance structures for the conjugate acid 


Protonation of the Tl T 
N atom Pk omg HOA — SF _J6.% + 3A 
NH3 R i NH3 


not resonance stabilized 


Problem 25.23 Rank the following compounds in order of increasing basicity. 


om om om 


25.10D Heterocyclic Aromatic Amines 


To determine the relative basicity of nitrogen heterocycles that are also aromatic, you must know 
whether the nitrogen lone pair is part of the aromatic = system. 


For example, pyridine and pyrrole are both aromatic, but the nonbonded electron pair on the N 
atom in these compounds is located in different orbitals. Recall from Section 17.8C that the lone 
pair of electrons in pyridine occupies an sp” hybridized orbital, perpendicular to the 1 bonds of 
the molecule, so it is not part of the aromatic system, whereas that of pyrrole resides in a p orbital, 
making it part of the aromatic system. The lone pair on pyrrole, therefore, is delocalized on all 
of the atoms of the five-membered ring, making pyrrole a much weaker base than pyridine. 


Pyridine Pyrrole 


Ss 
Í UN 
NÍ NN These 2 electrons are part of the 
The lone pair resides in 
an sp? hybrid orbital. 


H 6 x electrons of the aromatic ring. 
As a result, the pK, of the conjugate acid of pyrrole is much less than that for the conjugate acid 


The lone pair resides in a p orbital 
and is delocalized in the ring. 


Protonation of pyrrole occurs at 


of pyridine. 
a ring carbon, not the N atom, PY 
as noted in Problem 17.50. Dy Z — C\ 
| | 

ES Zs SR N 

N N H 

H Y 

pyridine pyrrole 
| higher pK, | | | tower pK, weaker base | 
wacker ded stronger base stronger acid weaker base 
pk, = 5.3 pk, = 0.4 


e Pyrrole is much less basic than pyridine because its lone pair of electrons is part of the 
aromatic m system. 
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25.10E 


The effect of hybridization on 
the acidity of an H-A bond was 
first discussed in Section 2.5D. 


Problem 25.24 


25.10F 


Hybridization Effects 


The hybridization of the orbital that contains an amine’s lone pair also affects its basicity. This is 
illustrated by comparing the basicity of piperidine and pyridine, two nitrogen heterocycles. The 
lone pair in piperidine resides in an sp? hybrid orbital that has 25% s-character. The lone pair in 
pyridine resides in an sp” hybrid orbital that has 33% s-character. 


Piperidine Pyridine 
Q las 
i 2 
N N 
H È. 
_ The lone pair is in an | The lone pair is in an 


sp? hybrid orbital. sp? hybrid orbital. 
e The higher the percent s-character of the orbital containing the lone pair, the more 
tightly the lone pair is held, and the weaker the base. 


Pyridine is a weaker base than piperidine because its nonbonded pair of electrons resides in an 
sp’ hybrid orbital. Although pyridine is an aromatic amine, its lone pair is not part of the delocal- 
ized 7 system, so its basicity is determined by the hybridization of its N atom. As a result, the 
pK, value for the conjugate acid of pyridine is much lower than that for the conjugate acid of 
piperidine, making pyridine the weaker base. 


O QIQ oO 


N N N 


IN H 
A aea pyridine | HA piperidine 
lower U p , 
pk; | higher pKa | 
stronger acid | ee eee | weaker acid ——_ stronger base 
pk, =5.3 pK, = 11.1 


Which nitrogen atom in each compound is more basic? 


= Ch 
a. K J b. f S S 
CH nZ CH3 


3 
DMAP nicotine 
4-(N,N-dimethylamino)pyridine 


Summary 


Acid-base chemistry is central to many processes in organic chemistry, so it has been a constant 
theme throughout this text. Tables 25.2 and 25.3 organize and summarize the acid-base principles 
discussed in Section 25.10, The principles in these tables can be used to determine the most basic 
site in a molecule that has more than one nitrogen atom, as shown in Sample Problem 25.4. 
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Table 25.2 Factors That Determine Amine Basicity 


Factor 


[i] Inductive effects: Electron-donating groups bonded to 
N increase basicity. 


(2] Resonance effects: Delocalizing the lone pair on N 
decreases basicity. 


[3] Aromaticity: Having the lone pair on N as part of the 
aromatic n system decreases basicity. 


[4] Hybridization effects: Increasing the percent s-character 


Example 


e RNH3, ReNH, and R3N are more basic than NH. 


e Arylamines (CgHsNH>) are less basic than alkylamines (RNH3). 


e Amides (RCONHz) are much less basic than amines (RNH,). 


in the orbital with the lone pair decreases basicity. 


e Pyrrole is less basic than pyridine. 


less basic more basic 


e Pyridine is less basic than piperidine. 


less basic more basic 
Table 25.3 Table of pK, Values of Some Representative Organic Nitrogen Compounds E : 
Compound pK, of the conjugate acid Comment 
Ammonia NH3 9.3 
Alkylamines { NH 11.1 
| Alkylamines have 
(CHgCH2)o2NH 11.1 pKa values of ~ 10-11. 
(CH3CH2)3N 11.0 
CH3CH2NH» 10.8 
Arylamines P-CH30C6H4NH2 5.3 
P-CH3C6H4NH2 $A The pK, decreases as the 
electron density of the 
CsHsNH2 4.6 _ benzene ring decreases. 
p-NOsCgH,NH2 1.0 
Heterocyclic y \ 6a —— 
aromatic amines _ The pK, depends on whether the 
lone pair on N is localized or 
= | delocalized. 
Q 0.4 nan 
nam 
| Amides RCONH, =i 
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Sample Problem 25.4 Which N atom in chloroquine is the strongest base? 


Since 1945 chloroquine has 
been used to treat malaria, 
an infectious disease caused 
by a protozoan parasite that 
is spread by the Anopheles 
mosquito. 


Problem 25.25 


25.11 


HN 
SS 
Z 
Cl N 
chloroquine 


Solution 
Examine the nitrogen atoms in chloroquine, labeled N1, N2, and N3, and recall that decreasing the 
electron density on N decreases basicity. 


N1 e N1 is bonded to an aromatic ring, so its 


AA N3 | strongest base | lone pair is delocalized in the ring like 
f aniline, decreasing basicity. 


x SMN e The lone pair is localized on N2, but N2 
2 is sp? hybridized. Increasing percent 

Cl N s-character decreases basicity. 
X e N3 has a localized lone pair and is sp? 


n2 hybridized, making it the most basic site 


in the molecule. 


Which N atom in each drug is more basic? 


a Br 
a Sr SS c N 
ASP © N(CHs)2 
A 
tacrine 
drug used to treat quinine brompheniramine 
Alzheimer's disease antimalarial drug antihistamine 


Amines as Nucleophiles 


Amines react as nucleophiles with electrophilic carbon atoms. The details of these reactions have 
been described in Chapters 21 and 22, so they are summarized here only to emphasize the similar 
role that the amine nitrogen plays. 


e Amines attack carbonyl groups to form products of nucleophilic addition or 
substitution. 


The nature of the product depends on the carbonyl electrophile. These reactions are limited to 1° 
and 2° amines, because only these compounds yield neutral organic products. 


[1] 


[2] 


Problem 25.26 
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Reaction of 1° and 2° amines with aldehydes and ketones (Sections 21.11-21.12) 


Aldehydes and ketones react with 1° amines to form imines and with 2° amines to form 
enamines. Both reactions involve nucleophilic addition of the amine to the carbonyl group to 
form a carbinolamine, which then loses water to form the final product. 


1° amine 
ee | BE) ao T 
: ad 2 ge ser 
o FX AY 
Reor carbinolamine imine 
/ N HO NR', NR'5 
R =H or alkyl R'.NH be -H,0 | 
R~ SoH —__> Ls a 
* FX R C 
2° amine | 
carbinolamine enamine 


Reaction of NH, and 1° and 2° amines with acid chlorides and anhydrides (Sections 22.8-22.9) 


Acid chlorides and anhydrides react with NH3, 1° amines, and 2° amines to form 1°, 2°, and 3° 
amides, respectively. These reactions involve attack of the nitrogen nucleophile on the carbonyl 
group followed by elimination of a leaving group (CI or RCOO ). The overall result of this reac- 
tion is substitution of the leaving group by the nitrogen nucleophile. 


? Q 
m 
36x + NH3 = SE OA + NH, Z 
R ë Z (2 equiv) R NH? 
1° amide 
O (0) 
i It + 
om + R'NH, =$ as i R'NH, zZ 
R Z (2 equiv) R NHR 
1° amine 2° amide 
(0) (0) 
č + AM —— _6C + R ÑH, Z 
oN 2 1 2 2 
RF Z (2 equiv) RNR’, 
Z = CI or OCOR 2° amine 3° amide 


Draw the products formed when each carbonyl compound reacts with the following amines: 
[1] CH3CH2CHNH;3; [2] (CH3CH2)2NH. 


o o coCI 
I il 
a. b. De e O pC Ë; 
( % ohg o Oh or 


The conversion of amines to amides is useful in the synthesis of substituted anilines. For exam- 
ple, aniline itself does not undergo Friedel-Crafts reactions (Section 18.10B). Instead, its basic 
lone pair on N reacts with the Lewis acid (AlCl) to form a deactivated complex that does not 
undergo further reaction. 


Friedel-Crafts reaction | 


¢ \— ih, + AICl, —> ae — Oni N=AICl, 
Lewis acid nC: 
Eee This (+) charge deactivates the benzene ring. | 


No reaction 


aniline 


1016 


Figure 25.10 9 
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The N atom of an amide, however, is much less basic than the N atom of an amine, so it does not 
undergo a similar Lewis acid-base reaction with AlCl}. A three-step reaction sequence involving 
an intermediate amide can thus be used to form the products of the Friedel-Crafts reaction. 


[1] Convert the amine (aniline) into an amide (acetanilide). 

[2] Carry out the Friedel-Crafts reaction. 

[3] Hydrolyze the amide to generate the free amino group. 

This three-step procedure is illustrated in Figure 25.10. In this way, the amide serves as a pro- 


tecting group for the NH, group, in much the same way that tert-butyldimethylsilyl ethers and 
acetals are used to protect alcohols and carbonyls, respectively (Sections 20.12 and 21.15). 


Problem 25.27 Devise a synthesis of each compound from aniline (CgHsNH.). 


NH% 


a. caol Yne, b. 


O= 


An amide as a protecting group NH, oN Ne -CH3 
for an amine Cy a a O fi 
{| 
i O 
_ [1] Protection 


aniline acetanilide 
Not possible 4 Bo), AICI RCI, AICI, | [2] Friedel-Crafts reaction 
in one step EANA Pelt : ae gaa 
NH NH Ngh Ng-Ch 
AN 2 NN 2 H,0* SQ Nso” 3 ion 3 
+ ————_ Il + II 
| BS ž | A or | A. 9 " | Z O 
a ala “OH, H2O “a ae S 
ortho product para product 


[3] Deprotection © 


A three-step sequence uses an amide as a protecting group. 
[1] Treatment of aniline with acetyl chloride (CH3COCI) forms an amide (acetanilide). 


[2] Acetanilide, having a much less basic N atom compared to aniline, undergoes electrophilic aromatic 
substitution under Friedel-Crafts conditions, forming a mixture of ortho and para products. 


[3] Hydrolysis of the amide forms the Friedel-Crafts substitution products. 


25.12 Hofmann Elimination 


Amines, like alcohols, contain a poor leaving group. To undergo a B elimination reaction, for 
example, a 1° amine would need to lose the elements of NH3 across two adjacent atoms. The 
leaving group, NHb, is such a strong base, however, that this reaction does not occur. 


Amines and | 5 a Í i 
elimination 
6-08 *& jax + H-NH, 
į Sra new 7 bond 


Problem: “NH; is a poor leaving group. 


The only way around this obstacle is to convert NH; into a better leaving group. The most com- 
mon method to accomplish this is called a Hofmann elimination, which converts an amine into 
a quaternary ammonium salt prior to B elimination. 
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25.12A Details of the Hofmann Elimination 
The Hofmann elimination converts an amine into an alkene. 


Q 


10 | 
I 
p [1] CHa (excess) Ved + HO + N(CH), + AgI 


rd [2] AgzO FEA eas 
[H NH% | [3] A by-products 


loss of H-NH3 


| Hofmann elimination | S 


The Hofmann elimination consists of three steps, as shown for the conversion of propylamine to 


propene. 
| The steps in the Hofmann elimination | 
CH i’ Mel hi M ASLO o " E CH CH 
i —_ = — — — = 
a-ÇH-ÇH2 excess) CHa GH" CH, -py CH-ÇH-ÇHe -p Hs 2 
H NH f H N(CHa)a H N(CHa)s + H,0 
propylamine 


r + -OH —— 
\ Fi + AgI + N(CHg)3 | 
quaternary ammonium salts leaving group 


e In Step [1], the amine reacts as a nucleophile in an Sy2 reaction with excess CH3I to form 
a quaternary ammonium salt. The N(CH3)3 group thus formed is a much better leaving 
group than NH. 

e Step [2] converts one ammonium salt into another one with a different anion. The silver(I) 
oxide, Ag,0, replaces the I anion with “OH, a strong base. 

e When the ammonium salt is heated in Step [3], (OH removes a proton from the B carbon 
atom, forming the new t bond of the alkene. The mechanism of elimination is E2, so: 


e All bonds are broken and formed in a single step. 
e Elimination occurs through an anti periplanar geometry —that is, H and N(CHs)3 are 
oriented on opposite sides of the molecule. 


The general E2 mechanism for the Hofmann elimination is shown in Mechanism 25.1. 


eS Mechanism 25.1 The E2 Mechanism for the Hofmann Elimination 


H OH : 
\ ss A “ay, aw .. oe 
PK —> o=cÑ + Hö: + N(CHy)s 
G N(CHs)z leaving group 


anti periplanar arrangement 
of H and N(CH3)3 


All Hofmann elimination reactions result in the formation of a new 7 bond between the œ and B 
carbon atoms, as shown for cyclohexylamine and 2-phenylethylamine. 


_ Examples | oe [1] CHgl (excess) Cy 
[2] Ag20 
BMH Ba i 


cyclohexylamine 


B a [1] CHgI (excess) B a 
CH2CH2NH3 [2] Agz0 CH=CH, 


. [3] A 
2-phenylethylamine 
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To help remember the reagents needed for the steps of the Hofmann elimination, keep in mind 
what happens in each step. 


e Step [1] makes a good leaving group by forming a quaternary ammonium salt. 
e Step [2] provides the strong base, OH, needed for elimination. 
e Step [3] is the E2 elimination that forms the new r bond. 


Problem 25.28 Draw an energy diagram for the following reaction. Label the axes, the starting materials, E, and 
AH’. Assume the reaction is exothermic. Draw a structure for the likely transition state. 


‘ 
N(CHols 
oe ca Q + HO + N(CH) 


Problem 25.29 Draw the product formed by treating each compound with excess CHgl, followed by Ag2O, and 
then heat. 


a. CH3CH2CH2CH3—NH3 b. (CH3)2CHNH3 Cc. So 


25.12B Regioselectivity of the Hofmann Elimination 


There is one major difference between a Hofmann elimination and other E2 eliminations. 


e When constitutional isomers are possible, the major alkene has the Jess substituted 
double bond in a Hofmann elimination. 


For example, Hofmann elimination of the elements of H and N(CH3)3 from 2-methylcyclopen- 
tanamine yields two constitutional isomers: the disubstituted alkene A (the major product) and 
the trisubstituted alkene B (the minor product), 


This ammonium salt has two different 
B carbons, labeled B, and Bo. 


B: 
CH, | CH, CH3 CH3 
[1] CHaI (excess) [3] A CT : CT 
[2] Ag20 
NH2 t NCHa)a A B 
2-methylcyclopentanamine Bo -OH major product minor product 


disubstituted alkene trisubstituted alkene 


This regioselectivity distinguishes a Hofmann elimination from other E2 eliminations, which 
form the more substituted double bond by the Zaitsev rule (Section 8.5). This result is some- 
times explained by the size of the leaving group, N(CH3;)3. In a Hofmann elimination, the base 
removes a proton from the less substituted, more accessible B carbon atom, because of the 
bulky leaving group on the nearby & carbon. 


Sample Problem 25.5 Draw the major product formed from Hofmann elimination of the following amine. 


CH, [1] CHsI (excess) 
NH2 [2] Ag2O 


[3] A 


Figure 25.11 


A comparison of E2 elimination 
reactions using alkyl halides 
and amines 


Problem 25.30 


Problem 25.31 
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Solution 

The amine has three B carbons but two of them are identical, so two alkenes are possible. Draw 

elimination products by forming alkenes having a C=C between the œ and B carbons. The major 
product has the less substituted double bond —that is, the alkene with the C=C between the a 
and B, carbons in this example. 


Bo ee 
3 [1] CHI (excess) 1 a 
73} Agzo Agz0 ACH, + CH3 
NH2 [3] A Bo 


B2 
major product 
disubstituted alkene 


minor product 
trisubstituted alkene 


Figure 25.11 contrasts the products formed by E2 elimination reactions using an alkyl halide and 
an amine as starting materials. Treatment of the alkyl halide (2-bromopentane) with base forms 
the more substituted alkene as the major product, following the Zaitsev rule. In contrast, the 
three-step Hofmann sequence of an amine (2-pentanamine) forms the less substituted alkene as 
major product. 


K* ~OC(CH 
ps CH,CH,CH,CH=CH, + 


CH3CH,CH=CHCH, 


CHaCH2CH2ÇHCH; 


Br minor product 
less substituted alkene 


major product 


2-bromopentane more substituted alkene 


[1] CH3I (excess) 


CHaCHaCHaGHCHs [2] AgzO CH3CH,CH,CH=CH, + CHgCH,CH=CHCH3 
NH3 [3] A f major product minor product 
less substituted alkene more substituted alkene 


2-pentanamine 


Draw the major product formed by treating each amine with excess CHI, followed by AgzO, and 


then heat. 
a. K p orphen b. HY 
HoN 


NH2 


Draw the major product formed in each reaction. 


wow 


Kt ~OC(CHg)3 Kt ~OC(CH3)3 


29 
gaa 
kaa 


Br 
b AW [1] CHgI (excess) [1] CHgl (excess) 
: [2] Ag2O [2] Ag20 
NH2 [3] A [3] A 
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25.13 


25.13A 


Reaction of Amines with Nitrous Acid 


Nitrous acid, HNO,, is a weak, unstable acid formed from NaNO, and a strong acid like HCl. 


H-Cl + Nat 7O-N=G: ——+ HO-N=6: + Na‘cr 


U nitrous acid 


In the presence of acid, nitrous acid decomposes to *NO, the nitrosonium ion. This electrophile 
then goes on to react with the nucleophilic nitrogen atom of amines to form diazonium salts 
(RN,*CI) from 1° amines and N-nitrosamines (RNN =0) from 2° amines. 


"ne ee Migs RRT 
Hoi + HO-N-O: —+  RobileO: — Hö: + +N=6: 
nitrous acid H | nitrosonium ion 
+ Cr 


electrophile 


Reaction of *NO with 1° Amines 


Nitrous acid reacts with 1° alkylamines and arylamines to form diazonium salts. This reaction 
is called diazotization. 


| Preparation of diazonium salts | 
A NaNO, ÄN NaNO, Siw. Cl 
— -N=N: Cr ——+$ =N: C- 
alkyl diazonium salt aryl diazonium salt 


The mechanism for this reaction consists of many steps. It begins with nucleophilic attack of the 
amine on the nitrosonium ion, and it can conceptually be divided into two parts: formation of an 
N-nitrosamine, followed by loss of H,O, as shown in Mechanism 25.2. 


[ò Mechanism 25.2 Formation of a Diazonium Salt from a 1° Amine 


Part [1] Formation of an N-nitrosamine 


a? 
R-NH, + **N=6: 


(from NaNO; + HCl) 


[1] 


i Ge 
RONENES: —— > R-N-N=6: + HCI e In Part [1], the amine is converted to an 
l [2] | N-nitrosamine by nucleophilic attack 
N-nitrosamine of the amino group on *NO, followed by 


loss of a proton. 


Part [2] Loss of H20 to form the diazonium salt 


R-N-N=O: = ne! 
H 
N-nitrosamine 


[3] 


A 
R-N-NEOtH atickSa H—CI e In Part [2], three proton transfer 
| n reactions lead to loss of H20 in Step 
FU [4] tions lead to loss of H20 in Step [6] 
Se [a and formation of the diazonium ion. 


HO: +  R-NEN: “a p-NLNOH, + CF 


diazonium salt 


Care must be exercised in 
handling diazonium salts, 
because they can explode if 
allowed to dry. 


25.13B 
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Alkyl diazonium salts are generally not useful compounds. They readily decompose below 
room temperature to form carbocations with loss of N>, a very good leaving group. These carbo- 
cations usually form a complex mixture of substitution, elimination, and rearrangement products. 


products of 


ak NaNO, CH3 CHa substitution, 
CH3—C—NHp her” CHs- GO TNEN: cr} —— pog ——> elimination, and 
by CH CH, CH, (in some cases) 
9 3 rearrangement 
1° alkylamine unstable diazonium salt carbocation 
+ 
No 


good leaving group 


On the other hand, aryl diazonium salts are very useful synthetic intermediates. Although 
they are rarely isolated and are generally unstable above 0 °C, they are useful starting materials 
in two general kinds of reactions described in Section 25.14. 


Reaction of *NO with 2° Amines 


Secondary alkylamines and arylamines react with nitrous acid to form N-nitrosamines. 


N-a MO; R-i- 
-N— ——> —N—-N=O: 
R | HCl B | 

2° amine N-nitrosamine 


As mentioned in Section 7.16, many N-nitrosamines are potent carcinogens found in some food 
and tobacco smoke. Nitrosamines in food are formed in the same way they are formed in the labo- 
ratory: reaction of a 2° amine with the nitrosonium ion, formed from nitrous acid (HNO,). 
Mechanism 25.3 is shown for the conversion of dimethylamine [(CH3),NH] to N-nitrosodimeth- 
ylamine [(CH3)2.NN=O]. 


{a Mechanism 25.3 Formation of an N-Nitrosamine from a 2° Amine 


or 
H :Cl: 
CH-Ñ-H Piss 7) i CH3-N-N=6: r CHa-Ñ-Ñ=0: + HCl © The amine is converted to an 
CH3 f CH, CH3 N-nitrosamine by nucleophilic attack 
2° amine (from NaNO, N-nitrosodimethylamine of the amino group on *NO, followed 
+ HCl) by loss of a proton. 


Problem 25.32 


an N-nitrosamine 


Draw the product formed when each compound is treated with NaNO» and HCI. 


i H —N-CH C) 
a. b. CHCH -N-O c, d. i 
X eP i N 


CH3 H NH 
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25.14 Substitution Reactions of Aryl Diazonium Salts 


Aryl diazonium salts undergo two general reactions. 


e Substitution of N; by an atom or a group of atoms Z forms a variety of substituted 


benzenes. 
No* CI Z 
Z = 


e Coupling of a diazonium salt with another benzene derivative forms an azo compound, 
a compound containing a nitrogen-nitrogen double bond. 


C power + Cp -= È pa j~ + HCI 


azo compound 


Y = NH», NHR, NR;,, OH (a strong electron-donor group) 


25.14A Specific Substitution Reactions 


Aryl diazonium salts react with a variety of reagents to form products in which Z (an atom or 
group of atoms) replaces N3, a very good leaving group. The mechanism of these reactions varies 
with the identity of Z, so we will concentrate on the products of the reactions, not the mechanisms. 


General Nz | Cr lz] 
[== 
substitution reaction | Z. oF + No + CF 


good 
Z replaces No leaving group 


[1] Substitution by OH— Synthesis of phenols 


Not Clr OH 
O =O 
_ 


phenol 


A diazonium salt reacts with H,O to form a phenol. 


[2] Substitution by Cl or Br—Synthesis of aryl chlorides and bromides 


Not Cr Cl Not Cr Br 
oeg o= C 
—— >o 


aryl chloride aryl bromide 


A diazonium salt reacts with copper(I) chloride or copper(I) bromide to form an aryl chloride 
or aryl bromide, respectively. This is called the Sandmeyer reaction. It provides an alterna- 
tive to direct chlorination and bromination of an aromatic ring using Cl, or Br, and a Lewis 
acid catalyst. 


[3] 


[4] 


[5] 


[6] 
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Substitution by F — Synthesis of aryl fluorides 


Pes 
Ng CI HBF, rs F 
z 


aryl fluoride 


A diazonium salt reacts with fluoroboric acid (HBF,) to form an aryl fluoride. This is a useful 
reaction because aryl fluorides cannot be produced by direct fluorination with F, and a Lewis 
acid catalyst, as F, reacts too violently (Section 18.3). 


Substitution by I—Synthesis of aryl iodides 


Not CI I 
Cy Nal or KI or 


aryl iodide 


A diazonium salt reacts with sodium or potassium iodide to form an aryl iodide. This, too, is a 
useful reaction because aryl iodides cannot be produced by direct iodination with I, and a Lewis 
acid catalyst, as I, reacts too slowly (Section 18.3). 


Substitution by CN—Synthesis of benzonitriles 


N+ Cr CN 
on =o 
—— 


benzonitrile 


A diazonium salt reacts with copper(I) cyanide to form a benzonitrile. Because a cyano group 
can be hydrolyzed to a carboxylic acid, reduced to an amine or aldehyde, or converted to a 
ketone with organometallic reagents, this reaction provides easy access to a wide variety of ben- 
zene derivatives using chemistry described in Section 22.18. 


Substitution by H— Synthesis of benzene 


Not Cr H 


benzene 


A diazonium salt reacts with hypophosphorus acid (H}PO,) to form benzene. This reaction has 
limited utility because it reduces the functionality of the benzene ring by replacing N, with a 
hydrogen atom. Nonetheless, this reaction is useful in synthesizing compounds that have substitu- 
tion patterns that are not available by other means. 


For example, it is not possible to synthesize 1,3,5-tribromobenzene from benzene by direct bro- 
mination. Because Br is an ortho, para director, bromination with Br, and FeBr; will not add Br 
substituents meta to each other on the ring. 


Br. Br 
x< The Br atoms are ortho, para directors 
located meta to each other. 
Br 


1,3,5-tribromobenzene 
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Figure 25.12 
The synthesis of 
1,3,5-tribromo- 
benzene from 
benzene 


25.14B 


Sample Problem 25.6 


It is possible, however, to add three Br atoms meta to each other when aniline is the starting 
material. Because an NH, group is a very powerful ortho, para director, three Br atoms are intro- 
duced in a single step on halogenation (Section 18.10A). Then, the NH» group can be removed 
by diazotization and reaction with H;PQ). 


First, add 3 Br's ortho and 
para to the group. 


9 <— Then, remove the NH3 in two steps. 


| Strategy | He 
Bro (excess) la 
~ FeBrs 


The complete synthesis of 1,3,5-tribromobenzene from benzene is outlined in Figure 25.12. 


Not Cr 


Br 
_HNOs | Bro (excess) Pan. NaNO» gf apoa 
H50; a T ~ FeBrs HC 
[1] [2] [3] 14] 
Br 


e Nitration followed by reduction forms aniline (CsHsNH3) from benzene (Steps [1] and [2]). 

e Bromination of aniline yields the tribromo derivative in Step [3]. 

e The NH: group is removed by a two-step process: diazotization with NaNO, and HCl (Step [4)), 
followed by substitution of the diazonium ion by H with H3sPO.. 


Using Diazonium Salts in Synthesis 


Diazonium salts provide easy access to many different benzene derivatives. Keep in mind the 
following four-step sequence. hecanse. it will he used to synthesize many substituted benzenes. 


Not Cr 
HNO3 NaNO, 
H50, r ac kä 


| nitration | -t | aie. alae | 


Sample Problems 25.6 and 25.7 apply these principles to two different multistep syntheses. 


Synthesize m-chlorophenol from benzene. 


OH 
ol =< 0 
Cl 
Solution 


Both OH and Cl are ortho, para directors, but they are located meta to each other. The OH group 
must be formed from a diazonium salt, which can be made from an NO; group by a stepwise method. 


Retrosynthetic Analysis 


OH NO, NO, 
a ae I —<— J 
Cl Cl 
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Working backwards: 
¢ [1] Form the OH group from NO; by a three-step procedure using a diazonium salt. 
e [2] Introduce Cl meta to NO; by halogenation. 
e [3] Add the NO, group by nitration. 


a? 


Not CI- OH 
HNO, ch NaNO, H20 
H50, “FeCl mi T -Ha 
[2] CI [4] Cl [5] Cl 


[1] [3] 


e Nitration followed by chlorination meta to the NO; group forms the meta disubstituted 
benzene (Steps [1]-[2]). 

e Reduction of the nitro group followed by diazotization forms the diazonium salt in Step [4], 
which is then converted to the desired phenol by treatment with H2O (Step [5]). 


Sample Problem 25.7 —Synthesize p-bromobenzaldehyde from benzene. 
CHO 


—O 
Solution 


Because the two groups are located para to each other and Br is an ortho, para director, Br should be 
added to the ring first. To add the CHO group, recall that it can be formed from CN by reduction. 


Br 


Retrosynthetic Analysis 


CHO CN NO, 
-o — —<———. e 
Br Br Br Br 


Working backwards: 
e [1] Form the CHO group by reduction of CN. 
e [2] Prepare the CN group from an NO, group by a three-step sequence using a diazonium salt. 
e [3] Introduce the NO, group by nitration, para to the Br atom. 
e [4] Introduce Br by bromination with Br and FeBrz. 


Synthesis 


Bo HNO; | NaNO, _CUCN [1] DIBAL-H 
“FeBrs H50, = Pao” “Her” [2] mie” 
[1] [2] [3] 


e Bromination followed by nitration forms a disubstituted benzene with two para substituents 
(Steps [1]-[2]), which can be separated from its undesired ortho isomer. 

e Reduction of the NO; group followed by diazotization forms the diazonium salt in Step [4], 
which is converted to a nitrile by reaction with CuCN (Step [5]). 

e Reduction of the CN group with DIBAL-H (a mild reducing agent) forms the CHO group and 
completes the synthesis. 


1026 Chapter 25 Amines 


= 
38 


Draw the product formed in each reaction. 


[1] NaNO;, HCI ia [1] NaNO% HCI 
a. NHe Bour c SHWO PIR 


n pu, [1 NaNO, HCI ‘ s [1] CuCN 
l E 
l 2 [2] H0 ` Rect [2] LiAIH, 
[3] HzO 
ON Cl 


yor ors 25.34 Devise a synthesis of each compound from benzene. 
F HO OH CH; a 
I 
Cl 


25.15 Coupling Reactions of Aryl Diazonium Salts 


Cl 


The second general reaction of diazonium salts is coupling. When a diazonium salt is treated 
with an aromatic compound that contains a strong electron-donor group, the two rings join 
together to form an azo compound, a compound with a nitrogen—nitrogen double bond. 


Azo coupling | € \-nyor + / y= = € Naa \-y + HCl 


Y = NH», NHR, NR3, OH azo compound 
(a strong electron- 
donor group) 


Azo compounds are highly conjugated, rendering them colored (Section 16.15). Many of these 
compounds, such as the azo compound “butter yellow,” are synthetic dyes. Butter yellow was 
once used to color margarine. 


Example | € \wor + € \-wors. — (Nn Snore 


a yellow azo dye 
“butter yellow” 


Synthetic dyes are described in 
more detail in Section 25.16. 


This reaction is another example of electrophilic aromatic substitution, with the diazonium 
salt acting as the electrophile. Like all electrophilic substitutions (Section 18.2), the mechanism 
has two steps: addition of the electrophile (the diazonium ion) to form a resonance-stabilized 
carbocation, followed by deprotonation, as shown in Mechanism 25.4. 


{ò Mechanism 25.4 Azo Coupling 


Step [1] Addition of the diazonium ion to form a carbocation 


e The electrophilic diazonium ion reacts 
Y Í N=N with the electron-rich benzene ring to 
form a resonance-stabilized carbocation 


(+ three additional Fe Pin structures) in Step [1]. (Only one resonance 
resonan ilized carbocation a 
onancezstabilizod carbocatio structure is drawn.) 


Step [2] Loss of a proton to re-form the aromatic ring 


e Loss of a proton regenerates the 
V Y + HCl aromatic ring. 
ZH 
sci 
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Because a diazonium salt is weakly electrophilic, the reaction occurs only when the benzene 
ring has a strong electron-donor group Y, where Y = NH3, NHR, NR,, or OH. Although these 
groups activate both the ortho and para positions, para substitution occurs unless the para position 
already has another substituent present. 


To determine what starting materials are needed to synthesize a particular azo compound, always 
divide the molecule into two components: one has a benzene ring with a diazonium ion, and 
one has a benzene ring with a very strong electron-donor group. 


B Break the molecule into two a i LL here. | 
One Qo HH = Cp 


| cae group 


Sample Problem 25.8 What starting materials are needed to synthesize the following azo compound? 


fo) 
Il 
Nat oa Nenen Swern 


methyl orange 
an orange dye 


O= 


Solution 

Both benzene rings in methyl orange have a substituent, but only one group, N(CHa)ș, is a strong 
electron donor. In determining the two starting materials, the diazonium ion must be bonded to 
the ring that is not bonded to N(CHs)>. 


| Break the molecule si two components here.. 


Oeu — Oea 


| The K donor group 


x is in the other compound. 
Nat “o-S—¢ \—NE=N: 
O 


The diazonium ion is in 
one compound. 


Na+ mal 


Problem 25.35 Draw the product formed when CgHsN2*CI reacts with each compound. 


NH, 
a. oF b. oÈ Y c. Ho—{ jon 


Problem 25.36 What starting materials are needed to synthesize each azo compound? 
ON CI 


a. HN Nen b. Ho—{ Nen CH, 
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25.16 Application: Synthetic Dyes 


Azo compounds have two important applications: as dyes and as sulfa drugs, the first synthetic 
antibiotics (Section 25.17). 


25.16A Natural and Synthetic Dyes 


Until 1856, all dyes were natural in origin, obtained from plants, animals, or minerals. Three 
natural dyes known for centuries are indigo, tyrian purple, and alizarin. 


tyrian purple alizarin 
(dark purple) (bright red) 


indigo plant Mediterranean sea snail shell madder 


The blue dye indigo, derived from the plant Indigofera tinctoria, has been used in India for 
thousands of years. Traders introduced it to the Mediterranean area and then to Europe. Tyrian 
purple, a natural dark purple dye obtained from the mucous gland of a Mediterranean snail of the 


manno Mrvar wnan oumbal of eqavralte hafana tha nali nftha Daman nmanmsun ÀT a he 
SLRS Liur reK, Was &SYMCC: OF TOY aty OCLOre ine couapse Oi Ui’ WULall Cupic. ANLAN.: in, aor ight 


red dye obtained from madder root (Rubia tinctorum), a plant native to India and northeastern 
Asia, has been found in cloth entombed with Egyptian mummies. 


Because all three of these dyes were derived from natural sources, they were difficult to obtain, 
making them expensive and available only to the privileged. This all changed when William 
Henry Perkin, an 18-year-old student with a makeshift home laboratory, serendipitously pre- 
pared a purple dye, which would later be called mauveine, during his failed attempt to synthesize 
the antimalarial drug quinine. Mauveine is a mixture of two compounds that differ in the pres- 
ence of only one methyl group on one of the aromatic rings. 


1 


Two components of Perkin’s mauveine 


poseren mawenou 


major component minor component 


Perkin’s discovery marked the beginning of the chemical industry. He patented the dye and went 
on to build a factory to commercially produce it on a large scale. This event began the surge of 
research in organic chemistry, not just in the synthesis of dyes, but in the production of perfumes, 


A purple shawl dyed with 
Perkin's mauveine 


Problem 25.37 


25.16B 
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anesthetics, inks, and drugs as well. Perkin was a wealthy man when he retired at the age of 36 
to devote the rest of his life to basic chemical research. The most prestigious award given by the 
American Chemical Society is named the Perkin Medal in his honor. 


Many common synthetic dyes, such as alizarine yellow R, para red, and Congo red, are azo com- 
pounds, prepared by the diazonium coupling reaction described in Section 25.15. 


Three azo dyes | — 
EEO G R Ooa 


COOH 
alizarine yellow R OH para red 


CÒ cmo CD 


Although natural and synthetic dyes are quite varied in structure, all of them are colored because 
they are highly conjugated. A molecule with eight or more r bonds in conjugation absorbs light 
in the visible region of the electromagnetic spectrum (Section 16.15A), taking on the color from 
the visible spectrum that it does not absorb. 


(a) What two components are needed to prepare para red by azo coupling? (b) What two 
components are needed to prepare alizarine yellow R? 


How Dyes Bind to Fabric 


To be classified as a dye, a compound must be colored and it must bind to fabric. There are many 
ways for this binding to occur. Compounds that bind to fabric by some type of attractive forces are 
called direct dyes. These attractive forces may involve electrostatic interactions, van der Waals 
forces, hydrogen bonding, or sometimes, even covalent bonding. The type of interaction depends 
on the structure of the dye and the fiber. Thus, a compound that is good for dyeing wool or silk, 
both polyamides, may be poor for dyeing cotton, a carbohydrate (Figure 22.4). 


Wool and silk contain charged functional groups, such as NH;* and COO”. Because of this, they 
bind to ionic dyes by electrostatic interactions. For example, positively charged NH;* groups 
bonded to the protein backbone are electrostatically attracted to anionic groups in a dye like 
methyl orange. 


CH; 
a " / 
Wool or silk fiber with NH,* 0s Nenen 
a polyamide backbone ‘CH, 


| Electrostatic interactions bind the dye to the fiber. 


Cha 
CH, 


methyl orange 
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Cotton, on the other hand, binds dyes by hydrogen bonding interactions with its many OH groups. 
Thus, Congo red is bound to the cellulose backbone by hydrogen bonds. 


Cotton— sil OH OH OH 
A carbohydrate | 3 9 o o 
ne | A OA on a, 3 
OH ‘one on HO 
hydrogen bond —> 


I 
1 
i} 
ee Lyi j N ENN bond 


Na* -O2S NH3 SO; Nat 
Congo red 


Problem 25.38 Explain why Dacron, a polyester first discussed in Section 22.16B, does not bind well with an 
anionic dye such as methyl orange. 


25.17 Application: Sulfa Drugs 


Although they may seem quite unrelated, the synthesis of colored dyes led to the development 
of the first synthetic antibiotics. Much of the early effort in this field was done by the German 
chemist Paul Ehrlich, who worked with synthetic dyes and used them to stain tissues. This led 
him on a search for dyes that were lethal to bacteria without affecting other tissue cells, hoping 
that these dyes could treat bacterial infections. For many years this effort was unsuccessful. 


Then, in 1935, Gerhard Domagk, a German physician working for a dye manufacturer, first used a 
synthetic dye as a drug to kill bacteria. His daughter had contracted a streptococcal infection, and 
as she neared death, he gave her prontosil, an azo dye that inhibited the growth of certain bacteria 
in mice. His daughter recovered, and the modern era of synthetic antibiotics was initiated. For his 
pioneering work, Domagk was awarded the Nobel Prize in Physiology or Medicine in 1939. 


T Q 
ret: —NH, ——> Hn SNe 
O 


prontosil sulfanilamide 
active antibacterial agent 


Prontosil and other sulfur-containing antibiotics are collectively called sulfa drugs. Prontosil is 
not the active agent itself. In cells, it is metabolized to sulfanilamide, the active drug. To under- 
stand how sulfanilamide functions as an antibacterial agent we must examine folic acid, which 
microorganisms synthesize from p-aminobenzoic acid. 


HNS ANS NS 
I P X L = fp 
HN j4 — N oH je 


— OH OH N ener aos 


p-aminobenzoic acid folic acid 4 COOH 
PABA 
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Sulfanilamide and p-aminobenzoic acid are similar in size and shape and have related func- 
tional groups. Thus, when sulfanilamide is administered, bacteria attempt to use it in place 
of p-aminobenzoic acid to synthesize folic acid. Derailing folic acid synthesis means that the 
bacteria cannot grow and reproduce. Sulfanilamide only affects bacterial cells, though, because 
humans do not synthesize folic acid, and must obtain it from their diets. 


? P 
Hn S-N HN )-d 
(0) OH 
sulfanilamide p-aminobenzoic acid 


These compounds are similar in size and shape. 


Many other compounds of similar structure have been prepared and are still widely used as anti- 
biotics. The structures of two other sulfa drugs are shown in Figure 25.13. 


i (0) 
Figure 25.13 a a. a a ~N 
Two common sulfa drugs 2 i H N Ò 2 i H \, 
(0) N 10) 
sulfamethoxazole sulfisoxazole 


e Sulfamethoxazole is the sulfa drug in Bactrim, and sulfisoxazole is sold as Gantrisin. Both drugs 
are commonly used in the treatment of ear and urinary tract infections. 
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Amines 


General Facts 
e Amines are organic nitrogen compounds having the general structure RNH2, ReNH, or R3N, with a lone pair of electrons on N (25.1). 
e Amines are named using the suffix -amine (25.3). 
e All amines have polar C- N bonds. Primary (1°) and 2° amines have polar N- H bonds and are capable of intermolecular hydrogen 
bonding (25.4). 
e The lone pair on N makes amines strong organic bases and nucleophiles (25.8). 


Summary of Spectroscopic Absorptions (25.5) 


Mass spectra Molecular ion Amines with an odd number of N atoms give an odd molecular ion. 
IR absorptions N-H 3300-3500 cm” (two peaks for RNH>, one peak for RoNH) 
1H NMR absorptions NH 0.5-5 ppm (no splitting with adjacent protons) 
CH-N 2.3-3.0 ppm (deshielded Csp3— H) 
136 NMR absorption C-N 30-50 ppm 


Comparing the Basicity of Amines and Other Compounds (25.10) 
e Alkylamines (RNH»2, R2NH, and R3N) are more basic than NH3 because of the electron-donating R groups (25.10A). 

Alkylamines (RNH,) are more basic than arylamines (CgHsNH2), which have a delocalized lone pair from the N atom (25.10B). 

e Arylamines with electron-donor groups are more basic than arylamines with electron-withdrawing groups (25.10B). 

e Alkylamines (RNH3) are more basic than amides (RCONH,), which have a delocalized lone pair from the N atom (25.10C). 

e Aromatic heterocycles with a localized electron pair on N are more basic than those with a delocalized lone pair from the N atom 
(25.10D). 

e Alkylamines with a lone pair in an sp? hybrid orbital are more basic than those with a lone pair in an sp? hybrid orbital (25.106). 
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Preparation of Amines (25.7) 


[1] Direct nucleophilic substitution with NH3 and amines (25.7A) 


— > 


R-X + NH, 
excess i 


quaternary 
ammonium salt 


[2] Gabriel synthesis (25.7A) 


-OH 
R-X + Ñ 


— 


1° amine 


[3] Reduction methods (25.7B) 


p Hp, Pd-C or 
a. From nitro compounds R-NO, 
Fe, HCI or 
Sn, HCI 
fut [1] LiAIH, 
b. From nitriles R-C=N — 
[2] H2O 
E 7 i [1] LiAIH, 
. S bn varia 
c. From amide RNR, [2] H,0 
R' =H or alkyl 


[4] Reductive amination (25.7C) 


R, NaBHaCN | 
p=0 + RYNH = y | 
R' 

R', R" = H or alkyl 


1°, 2°, and 3° amines 


Reactions of Amines 
[1] Reaction as a base (25.9) 
aaa 


co; 
R= NH3 HE Cx 
HO | 


e The mechanism is Sy2. 

© The reaction works best for CH3X or RCH>X. 

e The reaction works best to prepare 1° amines 
and quaternary ammonium salts. 


e The mechanism is Sy2. 
© The reaction works best for CH3X or RCH3X. 


COs e Only 1° amines can be prepared. 


Lem] 


1° amine 


| R-CH2NHs | 


1° amine 


15, 2°, and 3° amines 


e Reductive amination adds one alkyl group (from 
an aldehyde or ketone) to a nitrogen nucleophile. 
e Primary (1°), 2°, and 3° amines can be prepared. 


R-NH, + a — R-NH, + A 


[2] Nucleophilic addition to aldehydes and ketones (25.11) 


With 1° amines: 


fi ji | 
R'NH R'pNH 
RG R° a 
/\ 
R =H or alkyl R =H or alkyl 


With 2° amines: 


enamine 


Key Concepts 


[8] Nucleophilic substitution with acid chlorides and anhydrides (25.11) 


q 
C + RYNH —> 
Roz (2 equiv) 
Z = CI or OCOR © 90 ° ami 
R' = H or alkyl 1°, 2°, and 3° amides 


[4] Hofmann elimination (25.12) 


i [1] CHol (excess) 
—¢-¢C— [1] CHgI (excess 


e The less substituted alkene 


4 NH3 A A90 is the major product. 
alkene 
[5] Reaction with nitrous acid (25.13) 
With 1° amines: With 2° amines: 
NaNO, + aNO, ee 7. 
R-NH, ——> R-NÆN: CF R-N-H R-N-N=O: 
HCI l HCI | 
alkyl diazonium salt EPMA 
N-nitrosamine 
Reactions of Diazonium Salts 
[1] Substitution reactions (25.14) 
With H20: With CuX: With HBF,: 
f N+ Cr | i OH | j x | ; F 
phenol aryl chloride or aryl fluoride 
aryl bromide 
X= Cl or Br 
With Nal or KI: With CuCN: With H3POz,: 
O o” o| 
aryl iodide benzonitrile benzene 


[2] Coupling to form azo compounds (25.15) 


Or - O aa. - 


Y = NH,, NHR, NRo, OH azo compound 
(a strong electron- 
donor group) 
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PROBLEMS lla OoOO 
Problems Using Three-Dimensional Models 


25.39 Give a systematic or common name for each compound. 


LERE e; 
a: u @ è, b. "a 
oe 8 o ae N 


25.40 Which compound is the stronger base? 
wW v X 

a E e,¢ . 

ee ç 

p oe @ 


25.41 Varenicline (trade name Chantix) is a drug used to help smokers quit their habit. (a) Which N atom in varenicline is most basic? 
Explain your choice. (b) What product is formed when varenicline is treated with HCI? 


é vy 

e ] v 

vi Q 

® ® G 3 @ 

® © 2 

“ee $2 
wW <A 

d 
varenicline 


Nomenclature 


25.42 Give a systematic or common name for each compound. 


a. CH3NHCH,CH2CH2CH; e. (CgHs)oNH A, L Deren, 
H 
P OR aa aa A 
b. NH3 f. C Jocs i. CH3CHCH;CH(NH;)CH(CHa)z 
CHCH 


CHa 
o. CHK g. o= nn j. NH> 
CH2CH,CH, 


d. (CH3CH2CH3);N 


25.43 Draw the structure that corresponds to each name. 


a. cyclobutylamine e. N-methylpyrrole i. 2-sec-butylpiperidine 
b. N-isobutylcyclopentylamine f. N-methylcyclopentylamine j. (2S)-2-heptanamine 
c. tri-tert-butylamine g. cis-2-aminocyclohexanol 

d. N,N-diisopropylaniline h. 3-methyl-2-hexanamine 


25.44 Draw all constitutional isomers of molecular formula C4H,,N, and give an acceptable name for each amine. 


Chiral Compounds 


25.45 How many stereogenic centers are present in each compound? Draw all possible stereoisomers. 


CHCH; 
-CH3 l; 
a. N b. GHgGHaCHCH2CHsCHa— Nl -GHCHsCHaCHs 
CH2CH, CH3 CH3 


(0 


Problems 


Basicity 
25.46 Which compound in each pair is the stronger base? 
SS 
a. (CH3CHs)2NH or | 2 b. (CH3CHs)o2NH or (CICH2CH2)oNH 
N 


25.47 Rank the compounds in each group in order of increasing basicity. 


m Cm One e OO La 
ON CHa Cl 
S 
b. O CO CO d. CsHsNH2 (CgHs)oNH (nH, 
N N N 


H 


25.48 How does the pK, of the conjugate acid of benzylamine (CsHsCH NH2) compare to the pK,’s of the conjugate acids of 


cyclohexanamine (10.7) and aniline (4.6)? Explain your choice. 


25.49 Decide which N atom in each molecule is most basic and draw the product formed when each compound is treated with 
CH3CO>H. Benazepril (trade name Lotensin) is a B blocker used to treat high blood pressure and congestive heart failure. 


Abilify is the trade name for aripiprazole, a drug used to treat depression, schizophrenia, and bipolar disorders. 


se) 
Ra Eg ct 
aD RL 
NH yl 
Y © 7 
CHCOOH O aripiprazole 
benazepril 


25.50 Rank the nitrogen atoms in each compound in order of increasing basicity. Isoniazid is a drug used to treat tuberculosis, 


whereas histamine (Section 25.6B) causes the runny nose and watery eyes associated with allergies. 


i N NH2 
a aT 
N 
N H 


isoniazid histamine 


p 


25.51 Explain why m-nitroaniline is a stronger base than p-nitroaniline. 


25.52 Explain the observed difference in the pK, values of the conjugate acids of amines A and B. 


Qio CO 


A B 
pKa= 5.2 pK, = 7.29 
25.53 Why is pyrrole more acidic than pyrrolidine? 
— 
Ou Oe 
en 
pyrrole pyrrolidine 
pk, = 23 pk, = 44 


Preparation of Amines 

25.54 How would you prepare 3-phenyl-1-propanamine (CgHsCH2GH2CH.NHz) from each compound? 
a. CsH;CH2CH2CH2Br c. CgHsCHsCHsCH,NO, e. CgH;CH,CH,CHO 
b. CgHsCH2CH,Br d. C.gHsCHsCH2,CONH» 
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25.55 What amide(s) can be used to prepare each amine by reduction? 
H 


NAS 
a. (CH3CH»2)2NH b. POR age ©. NN N(CH) d. 


25.56 What carbonyl and nitrogen compounds are needed to make each compound by reductive amination? When more than one set 
of starting materials is possible, give all possible methods. 


H 
a, he ging b. AN Agu, © (CHsCH2CHa)aN(CHz)2CH(CHg)2 d l Haoa 


H 


25.57 Draw the product of each reductive amination reaction. 


a C He eH, e on e o 
ve NaBH,CN NaBH,CN 
(0) 
(CHg)sNH (eM 
3/2 
Bi (= NaBH,CN a i di NaBH3CN 
25.58 How would you prepare benzylamine (CgHs;CH2NH,) from each compound? In some cases, more than one step is required. 

a. CsH5CH2Br c. CsHsCONH3 e. CeH5CH3 g. CgHsNHe 

b. CgHsCN d. CgHs;CHO f. CgHs;COOH h. benzene 


Extraction 
25.59 How would you separate toluene (CgH;CHs), benzoic acid (CgHs;COOH), and aniline (Cs Hs;NH,) by an extraction procedure? 


Reactions 

25.60 What products are formed when N-ethylaniline (CgH;NHCH2CHs) is treated with each reagent? 
a. HCl e. CHslI (excess) h. The product in (g), then HNO3, HsSO, 
b. CHgCOOH f. CHglI (excess), followed by AgzO and A i. The product in (g), then [1] LiAIH,; [2] H2O 
c. (CH3)2C =O g. CH3CH,COCI j. The product in (h), then Hs, Pd-C 


d. CH20, NaBH3CN 
25.61 Draw the products formed when p-methylaniline (0-CH3C6H4NHp3) is treated with each reagent. 


a. HCl e. (CH3)2C=O0 h. NaNOs, HCl 
b. CH;COCI f. CHsCOCI, AlCl; i. Step (b), then CHaCOCI, AlCl, 
c. (CH3CO),0 g. CHCOOH j. CHCHO, NaBH3;CN 


d. excess CHI 


25.62 Draw the products formed when each amine is treated with [1] CHaI (excess); [2] AgzO; [3] A. Indicate the major product when a 
mixture results. 


able: CH; 
a. CH3(CH,)gNH> b. seg ng c. ANN d. e. 
H NH2 N 


25.63 What reagents are needed to convert acetophenone (CgH;COCHs) into each compound? In some cases, more than one step is 
required. 
N(CH3)2 NH2 OH 
a. c. ie e. Å NHH 
C6H5 C6H5 CH5 $ 
ie) 
b. he d: cf SS f. NHCH;CHCH;CH3 


CgHs “NCH CHCH; CeHe 


Problems 


25.64 Answer the following questions about benzphetamine, a habit-forming diet pill sold under the trade name Didrex. 


CHs a. 

N b. 
Or 
d. 


benzphetamine 


Label the stereogenic center(s). 

What amide(s) can be reduced to form benzphetamine? 

What carbonyl compound and amine can be used to make benzphetamine by reductive 
amination? Draw all possible methods. 

What products are formed by Hofmann elimination from benzphetamine? Label the major 
product. 


25.65 Draw the organic products formed in each reaction. 


NH 
a. karisi ees f. CgHsCHsCH»NH, + (CgHsCO)20 
(2 equiv) 
i DIKOH KOH 7 NaNO, 
T2] (CHg)2CHCH,Cl g. HG 
[3] “OH, H,O 
h NH + opoko NaSHsCN 
2 a i wy 
[1] LiAIH, 
d. = i. + —— 
m [2] H;0 9 
N 
H 
[1] LiAIH, . ” [1] CH3I (excess) 
e. (J connonon, Pino j. CHgCHsCH, N CH(CHs)o Aa Ag,0 
H [3] A 
25.66 What is the py Hofmann elimination product formed from each amine? 
NH3 CeHs 
CgHs H CH3 CH, H 
a. b. ©. 
CHCH; CH5 C(CHa)g (CHg)3C NH2 
C(CHs)3 HCH; CH2CHg 
25.67 Identify the intermediates (A-C) in the following reaction sequence, which was used to prepare racemic ofloxacin. One 


enantiomer of the product, levofloxacin, is an antibiotic used to treat severe bacterial infections that have not responded to 


other drugs. 


E KOH 
DMSO 
F NO; 
E 


25.68 Draw the product formed when A is treated with each reagent. 


a. 
b. 
c. 
d. 


H20 
HPO% 
CuCl 
CuBr 


Not CI- 


Cl A 


O 
A Cl 
H2 
KI, KCO 5 Ni [C] 
ı KoCO3 i catalyst an several steps 
not isolated 
0. 
(6) (9) 
F OH 
CN N 
P NA Bic athe 
ofloxacin 
e. CuCN h. CegHsNH2 
f. HBF, i. CgHsOH 
g. Nal j. KI 


25.69 A chiral amine A having the R configuration undergoes Hofmann elimination to form an alkene B as the major product. B is 
oxidatively cleaved with ozone, followed by CH3SCHs, to form CHz=O and CHgCHsCHsCHO. What are the structures of A and B? 
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Mechanism 


25.70 Draw a stepwise mechanism for each reaction. 


NaOH i ) 


NO + HO + NaBr 
c 


HCH, 


H 
9 NaBH, N P 
b. CHOH HO 
NH 


2 


a o~ oN Br + CH3CHNH; 
Br 


25.71 Draw a stepwise mechanism for the following reaction. 
OH OH 


HN H,C=O N 


mild acid + HO 


25.72 Alkyl diazonium salts are unstable even at low temperature. They decompose to form carbocations, which go on to form 
products of substitution, elimination, and (sometimes) rearrangement. Keeping this in mind, draw a stepwise mechanism that 
forms all of the following products. 


-NaNO į OH 4 
HCl, H,O 
NH3 OH 


25.73 Tertiary (3°) aromatic amines react with NaNO; and HCI to afford products of electrophilic aromatic substitution. Draw a 
stepwise mechanism for this nitrosation reaction and explain why it occurs only on benzene rings with strong ortho, para 


activating groups. 
N(CH ch an ON N(CH 
(CHa)2 [2] "OH (CHa)2 


Synthesis 


25.74 Devise a stepwise reaction sequence to convert 4-phenyl-2-butanone (PhCH:CH COCH») into each alkene: 
(a) PhCH2CH2CH = CH;; (b) PhCH2CH = CHCH3. 


25.75 Devise a synthesis of each compound from benzene. You may use any other organic or inorganic reagents. 


LI NC Br 
a Br NHCOCH, c. CY e. no \—coon 
OH 
p: {or d. X f. / \a {po 


25.76 Devise a synthesis of each compound from aniline (CgHsNH.) as starting material. 


CH Br HO 


CONHCH, 
a. Cy b. c. Br CHOH d € \-wn 


Br 
Br CH3 


25.77 Devise at least three different methods to prepare N-methylbenzylamine (PhCHNHCH3) from benzene, any one-carbon organic 
compounds, and any required reagents. 
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25.78 Safrole, which is isolated from sassafras (Problem 21.33), can be converted to the illegal stimulant MDMA 
(3,4-methylenedioxymethamphetamine, “Ecstasy”) by a variety of methods. (a) Devise a synthesis that begins with safrole 
and uses a nucleophilic substitution reaction to introduce the amine. (b) Devise a synthesis that begins with safrole and uses 
reductive amination to introduce the amine. 


o o Z 
6 NHCH, Ly ~~ 


MDMA safrole 


25.79 Devise a synthesis of the hallucinogen mescaline (Section 25.6) from each starting material. 


CHO. mille CH,0 CHO CH;0 
CH;0 a J > ae A = ae a 
a CHO CH;O CHO 


mescaline 


25.80 Synthesize each compound from benzene. Use a diazonium salt as one of the synthetic intermediates. 


COOH 
a. I c. oÈ chen e. aT i 
cl 


Br 


OH cl 
A d. omom \ ooon f. Oe 
ý ii cl 


25.81 Devise a synthesis of each biologically active compound from benzene. 


OH 
NHCH3 
ieee acetaminophen pseudoephedrine 
(herbicide) (analgesic) (nasal decongestant) 
25.82 Devise a synthesis of each compound from benzene, any organic alcohols having three carbons or fewer, and any required 
reagents. 
Br 
NH2 O 
a. CH0 ©. C pja <r e. È J 
O 
Br 
? 
C 


Q CH ~NH O 
b. NH? d. (CH)>CHNH CO2CH, f. 


Spectroscopy 


25.83 Draw the structures of the eight isomeric amines that have a molecular ion in the mass spectrum at m/z = 87 and show two 
peaks in their IR spectra at 3300-3500 cm”. 
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25.84 Three isomeric compounds, A, B, and C, all have molecular formula CsH,;N. The 'H NMR and IR spectral data of A, B, and C 
are given below. What are their structures? 


Compound A: IR peak at 3400 cm™ Compound B: IR peak at 3310 cm” 


1H NMR of A 1H NMR of B 


ppm 
Compound C: IR peaks at 3430 and 3350 cm 


1H NMR of C 


25.85 Treatment of compound D with LiAIH, followed by H2O forms compound E. D shows a molecular ion in its mass spectrum at 
m/z =71 and IR absorptions at 3600-3200 and 2263 cm™. E shows a molecular ion in its mass spectrum at m/z = 75 and IR 
absorptions at 3636 and 3600-3200 cm”. Propose structures for D and E from these data and the given 'H NMR spectra. 


1H NMR of D 1H NMR of E 
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Challenge Problems 


25.86 The pK, of the conjugate acid of guanidine is 13.6, making it one of the strongest neutral organic bases. Offer an explanation, 


NH NH, 

Bao te a a 
H.N~~~NH, HoN~~~NH, f 
guanidine pK, = 13.6 


25.87 Rank the following compounds in order of increasing basicity and explain the order you chose. 


= NA NAN 
— oe — 
pyrrole imidazole thiazole 


25.88 Draw the product Y of the following reaction sequence. Y was an intermediate in the remarkable synthesis of cyclooctatetraene 
by Wilstatter in 1911. 


CH3, 
N 
[1] CH3I (excess) [1] CHgI (excess) 
? > CeHjo 
\ [2] Ag20 [2] Ag20 y 


[3] A [3] A 


25.89 Devise a synthesis of each compound from the given starting material(s). Albuterol is a bronchodilator and proparacaine is a 
local anesthetic. 


HO a” 
p enera 
HO O 
N 
H 
H 


albuterol 
(8) 


HN N(CH CH 
b. 2 Be NCHCHa)e Š 
Sg 


a. 


proparacaine 


25.90 Heating compound X with aqueous formaldehyde forms Y (C;7H23NO), which has been converted to a mixture of lupinine 
and epilupinine, alkaloids isolated from lupin, a perennial ornamental plant commonly seen on the roadside in parts of Alaska. 
Identify Y and explain how it is formed. 


yn OH 
H : H 
CH,=O y one step F: 
a H20 N N 
Cy7H23NO 
ie} ie lupinine epilupinine 


x 


X Ph 


26.1 
26.2 
26.3 
26.4 


26.5 
26.6 
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Coupling reactions of 
organocuprate reagents 


Suzuki reaction 

Heck reaction 

Carbenes and 
cyclopropane synthesis 
Simmons-Smith reaction 
Metathesis 


Carbon-—Carbon Bond-Forming 
Reactions in Organic Synthesis 


Bombykol is a sex pheromone secreted by the female silkworm moth Bombyx mori to attract 
mates. Bombykol’s structure was elucidated in 1959 using 6.4 mg of material obtained from 
500,000 silkworm moths. One step in an efficient synthesis of bombykol is the Suzuki reaction, a 
stereospecific carbon-carbon bond-forming reaction between a vinylborane and a vinyl halide 
to form a conjugated diene. In Chapter 26, we learn how to prepare a variety of substrates using 
novel carbon-carbon bond-forming reactions. 


26.1 


A complete list of reactions 
that form C-C bonds appears 


in Appendix D. 


26.1A 


26.1 Coupling Reactions of Organocuprate Reagents 1043 


To form the carbon skeletons of complex molecules, organic chemists need an extensive 
repertoire of carbon-carbon bond-forming reactions. In Chapter 20, for example, we learned 
about the reactions of organometallic reagents—organolithium reagents, Grignard reagents, and 
organocuprates—with carbony! substrates. In Chapters 23 and 24, we studied the reactions of 
nucleophilic enolates that form new carbon-carbon bonds. 


Chapter 26 presents more carbon-carbon bond-forming reactions that are especially useful tools 
in organic synthesis. While previous chapters have concentrated on the reactions of one or two 
functional groups, the reactions in this chapter utilize a variety of starting materials and concep- 
tually different reactions that form many types of products. All follow one central theme—they 
form new carbon-carbon bonds under mild conditions, making them versatile synthetic methods. 


Coupling Reactions of Organocuprate Reagents 


Several carbon-carbon bond-forming reactions involve the coupling of an organic halide (R'X) 
with an organometallic reagent or alkene. Three useful reactions are discussed in Sections 
26.1-26.3: 


[1] Reaction of an organic halide with an organocuprate reagent (Section 26.1) 
R-X + RoCuli ——~> R'-R + RCu + LX 


organocuprate 
9 p new C-C bond 


[2] Suzuki reaction: Reaction of an organic halide with an organoboron reagent in the 
presence of a palladium catalyst (Section 26.2) 


/  Pdcatalyst / 
R-x + Ae -SAYS ar + HOM + Nax 
NaOH \ 


\ 
organoboron new C—C bond 
reagent 


[3] Heck reaction: Reaction of an organic halide with an alkene in the presence of a pal- 
ladium catalyst (Section 26.3) 


Pd catalyst R! 


2 A sAn f 
R=X + Z (CH;CH;)aN Z +  (CH3CH2)NH 
x 

new C—C bond 


General Features of Organocuprate Coupling Reactions 


In addition to their reactions with acid chlorides, epoxides, and o,f-unsaturated carbonyl com- 
pounds (Sections 20.13-20.15), organocuprate reagents (R,CuLi) also react with organic halides 
R'—X to form coupling products R—R' that contain a new C-C bond, Only one R group of the 
organocuprate is transferred to form the product, while the other becomes part of RCu, a reaction 
by-product. 


| General reaction | R'-X + RCui ——~ R'-R + RCu + _ LIX 
es 
organocuprate 
3 á new C—C bond PY-products 
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A variety of organic halides can be used, including methyl and 1° alkyl halides, as well as vinyl 
and aryl halides that contain X bonded to an sp” hybridized carbon. Some cyclic 2° alkyl halides 
give reasonable yields of product, but 3° alkyl halides are too sterically hindered. The halogen X 
in R'X may be Cl, Br, or I. 


| Examples | 


[1] CH3gCHsCH,CH,CH,—Br + (Oju ——y ononcnononrh, 
2 | 
new C- C bond 
a O i (Ch — OR 


| new ai bond | 


new c-c bond 
I) Ag, + (CH)Culi —> PO 


trans-1-bromo-1-hexene trans-2-heptene 


Coupling reactions with vinyl halides are stereospecific. For example, reaction of trans-1-bromo- 
1-hexene with (CH3),CuLi forms trans-2-heptene as the only stereoisomer (Equation [3]). 


Problem 26.1 Draw the product of each coupling reaction. 


H 
(CH3=CH),CuLi oe (CH3CH2CH,CH,)2CuLi 
a. a i ae a c. I Ooo ee 
CH0 
EN (CH3)2CuLi | ar Ssa aii 
el d. \ pOu 


SS SS 


b. T el 


Problem 26.2 Identify reagents A and B in the following reaction scheme. This synthetic sequence was used to 
prepare the Cj, juvenile hormone (Figure 20.6). 


‘OH 3S xX 
A several (excess) a several A 
steps steps fe) 
OH CO,CH, 


Cig juvenile 
hormone 


26.1B 


Sample Problem 26.1 


Problem 26.3 
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Using Organocuprate Couplings to Synthesize Hydrocarbons 


Since organocuprate reagents (R,CuLi) are prepared in two steps from alkyl halides (RX), this 
method ultimately converts two organic halides (RX and R'X) into a hydrocarbon R-R' with a 
new carbon-carbon bond. A hydrocarbon can often be made by two different routes, as shown in 
Sample Problem 26.1. 


[ax] 


RCuLi ——> R'-R 


“REX | Cul 
REX | (2 P (0.5 equiv) | 


Two organic halides are needed as starting materials. 


Devise a synthesis of 1-methylcyclohexene from 1-bromocyclohexene and CHGI. 


( j — ( J + CHJ 


1-methylcyclohexene 1-bromocyclohexene 


Solution 
In this example, either halide can be used to form an organocuprate, which can then be coupled 


with the second halide. 
Q+ 
[1] Li (2 equiv) 


Possibility] cur DUE, onac 
y [1] 3 (2] Cul (0.5 equiv) (CHg3)oCuLi 


CHa I 
Possibility [2] ( J= ELLE equiv. Be equiv) ( CuLi ( ja 
[2] [2] Cul (0.5 equiv) (0.5 equiv) 


Synthesize each product from the given starting materials using an organocuprate coupling 
reaction. 


a. K J OHCHCHCHa => TE + (CH3)2CHCH;CH;1 


b. AA = RXhaving4C’s 


Cc. Aw ee i ial only 


The mechanism of this reaction is not fully understood, and it may vary with the identity of R' in 
R'-X. Since coupling occurs with organic halides having the halogen X on either an sp? or sp? 
hybridized carbon, an Sy2 mechanism cannot explain all the observed results. 


1046 Chapter 26 Carbon-Carbon Bond-Forming Reactions in Organic Synthesis 


26.2 


26.2A 


A general ligand bonded to a 
metal is often designated as L. 
Pd bonded to four ligands is 
denoted as PdLy. 


Ac is the abbreviation for 
an acetyl group, CHC =O, 
so OAc (or OAc) is the 
abbreviation for acetate, 
CH;CO.. 


Suzuki Reaction 


The Suzuki reaction is the first of two reactions that utilize a palladium catalyst and proceed by 
way of an intermediate organopalladium compound. The second is the Heck reaction (Section 26.3). 


General Features of Reactions with Pd Catalysts 


Reactions with palladium compounds share many common features with reactions involv- 
ing other transition metals. During a reaction, palladium is coordinated to a variety of groups 
called ligands, which donate electron density to (or sometimes withdraw electron density from) 
the metal. A common electron-donating ligand is a phosphine, such as triphenylphosphine, 
tri(o-tolyl)phosphine, or tricyclohexylphosphine. 


CHa 


PPh; P(o-tolyl), PCy; 
triphenylphosphine tri(o-tolyl)phosphine tricyclohexylphosphine 
abbreviated as PAr 
Ar = an aryl group 


Organopalladium compounds—compounds that contain a carbon-palladium bond—are 
generally prepared in situ during the course of a reaction, from another palladium reagent such 
as Pd(OAc), or Pd(PPh3)4. In most useful reactions only a catalytic amount of palladium reagent 
is utilized. 


Two common processes, called oxidative addition and reductive elimination, dominate many 
reactions of palladium compounds. 


e Oxidative addition is the addition of a reagent (such as RX) to a metal, often increasing 
the number of groups around the metal by two. 


R 7 two new groups | 
Oxidative addition | Poly + R-X ——> oe” ae = 
L 


organopalladium compound 


e Reductive elimination is the elimination of two groups that surround the metal, often 
forming new C-H or C-C bonds. 


R 
eS RS | 

| Reductive elimination | L-Fd-H = Pd + RH 
L 


organopalladium 
compound 


Reaction mechanisms with palladium compounds are often multistep. During the course of a 
reaction, the identity of some groups bonded to Pd will be known with certainty, while the identity 
of other ligands might not be known. Consequently, only the crucial reacting groups around a 
metal are usually drawn and the other ligands are not specified. 
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26.2B Details of the Suzuki Reaction 


The Suzuki reaction is a palladium-catalyzed coupling of an organic halide (R'X) with an 
organoborane (RBY>) to form a product (R—R') with a new C-C bond. Pd(PPh3), is the typical 
palladium catalyst, and the reaction is carried out in the presence of a base such as NaOH or 


NaOCH,CH3. 
X“ Pd(PPhs)4 nd 
| Suzuki reaction R-X + R-B ———> R-R + 4HO-B + Nax 
Yy NaOH Vv 


X=Br,I — organoborane new C-C bond 


Vinyl halides and aryl halides, both of which contain a halogen X bonded directly to an sp 
hybridized carbon, are most often used, and the halogen is usually Br or I. The Suzuki reaction 
is completely stereospecific, as shown in Example [3]; a cis vinyl halide and a trans vinylborane 
form a cis,trans-1,3-diene. 


Examples | 


NS 

i S 4 i S Pd(PPha)4 

o NaOH 
new C-C bond 
Br ORAL PAPP a 
[2] + B ka a 
o NaOH = 

new C—C bond 


new C—C bond A 
Br Q Pd(PPh 
[3] + get Sa SA. ( 3)4 f a 
ZA ef NaOCH,CH, 


cis viny! bromide trans vinylborane 


2 


The organoboranes used in the Suzuki reaction are prepared from two sources. 


e Vinylboranes, which have a boron atom bonded to a carbon-carbon double bond, are 
prepared by hydroboration of an alkyne using catecholborane, a commercially available 
reagent. Hydroboration adds the elements of H and B in a syn fashion to form a trans 
vinylborane. With terminal alkynes, hydroboration always places the boron atom on the less 
substituted terminal carbon. 


O R O 
/ / 
R-C=C-H + H—B — Da | syn addition of H and B | 
O H (0) 
catecholborane trans vinylborane 


e Arylboranes, which have a boron atom bonded to a benzene ring, are prepared from organo- 
lithium reagents by reaction with trimethyl borate [B(OCH3)3]. 


Cp + B(OCH,)3 ——> TEL + LIOCH, 


trimethyl borate arylborane 
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Problem 26.4 Draw the product of each reaction. 
O 
a Aaj a LPS Pd(PPhs)4 
N NaOH 
Oo 
b. TISS + Bi a 
B [1] Li 
©; f = 
[2] B(OCHg)3 
P S 
d. C=C-H + H-8 | —— > 
Ynya 


Problem 26.5 One step in the synthesis of the nonsteroidal anti-inflammatory drug rofecoxib (trade name Vioxx, 
Section 30.6) involves Suzuki coupling of A and B. What product is formed in this reaction? 


O 


| o + oms È BOH) 
B 


Br 
A 


The mechanism of the Suzuki reaction can be conceptually divided into three parts: oxidative 
addition of R'-X to the palladium catalyst, transfer of an alkyl group from the organoborane to 
palladium, and reductive elimination of R—R', forming a new carbon-carbon bond. A general 
halide R'-X and organoborane R- BY; are used to illustrate this process in Mechanism 26.1. 
Since the palladium reagent is regenerated during reductive elimination, only a catalytic amount 
of palladium is needed. 


h 
YS. Mechanism 26.1 Suzu 


T 


Part [1] Formation of an organopalladium compound by oxidative addition 


R' e Loss of two triphenylphosphine ligands followed by 
Pd(PPhs), EH Pd(PPhg)> _ PhgP—Pd-X oxidative addition forms an organopalladium compound. 
+ PPh, e The organopalladium compound (Ph3P)sPd(R')X bears no 
2 PPhg organopalladium net charge, and by convention, organometallic chemists 
reagent generally omit formal charges on the phosphorus ligands 


oxidative addition and the metal. 


Part [2] Transfer of an alkyl group from boron to palladium 


R' R' 
| n | 
PrP rd sk + APs By PhaP-Pd-R e Reaction of the organoborane R- BY; with “OH forms a 
PPhg OH PPh nucleophilic boron intermediate that transfers an alkyl group 
- T from boron to palladium in Step [3]. 
{-oH HO-BY, + X- p p [3] 
R-BY, 


Part [3] Reductive elimination 


new C—O bond e Reductive elimination of R-R' forms the coupling product. 


R [4] e The palladium catalyst Pd(PPhs)s is regenerated so the cycle 
PhsP—Pd-R 1 ——————+ R-R +  Pd(PPh) can repeat. 


PPh3 reductive elimination | catalyst regenerated 
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Figure 26.1 eee ral 
Synthesis of two —T eee } 
3)4 


natural products HOW sw N___ BOW) 4. HO 4 
“SS Se SS 
using the Suzuki j NaOCH2CH3 
reaction dii bombykol 


NnS 
_Pd(PPha)4 
SS NaOH ——— 
Br BR, — new C-C bond c-c bond - 


humulene 


The Suzuki reaction was a key step in the synthesis of bombykol, the sex pheromone of the 
female silkworm moth and the chapter-opening molecule, and humulene, a lipid isolated from 
hops, as shown in Figure 26.1. The synthesis of humulene illustrates that an intramolecular 
Suzuki reaction can form a ring. Sample Problem 26.2 shows how a conjugated diene can be 
prepared from an alkyne and vinyl halide using a Suzuki reaction. 


Sample Problem 26.2 Devise a synthesis of (1Z,3E)-1-phenyl-1,3-octadiene from 1-hexyne and (Z)-2-bromostyrene 
using a Suzuki coupling. 


yr AS 


> + 
CX, 
1-hexyne 
(1Z,3E)-1-phenyl-1,3-octadiene (Z)-2-bromostyrene 


Solution 

This synthesis can be accomplished in two steps. Hydroboration of 1-hexyne with catecholborane 
forms a vinylborane. Coupling of this vinylborane with (Z)-2-bromostyrene gives the desired 
1,3-diene. The E configuration of the vinylborane and the Z configuration of the vinyl bromide 

are both retained in the product. 


O 
aie + H—B 


_ | hydroboration — 


SS 
S “NaOH” | new CC bond | 


| “coupling | 


syn ction ene? /(1Z,3E)-1-phenyl-1,3-octadiene 


Problem 26.6 — Synthesize each compound from the given starting materials. 
—C=C—H + KASAN 


STS 


pore 


Ta AP ie 
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26.3 Heck Reaction 


Richard Heck and Akira Suzuki 
won the 2010 Nobel Prize in 
Chemistry for the discovery 

of the carbon-carbon bond- 
forming reactions detailed in 
Sections 26.2 and 26.3. 


Problem 26.7 


The Heck reaction is a palladium-catalyzed coupling of a vinyl or ary] halide with an alkene 
to form a more highly substituted alkene with a new C-C bond. Palladium(ID) acetate 
[Pd(OAc),] in the presence of a triarylphosphine [P(o-toly])3] is the typical catalyst, and the reac- 
tion is carried out in the presence of a base such as triethylamine. The Heck reaction is a substitu- 
tion reaction in which one H atom of the alkene starting material is replaced by the R' group of 
the vinyl or aryl halide. 


ree LRM Pd(OAc. R; 
| Heck reaction | R-X + &~z me calles g (CHsCH,)3NH 
P(o-tolyl)3 x 


R' = vinyl or aryl (CH3CH2)3N 


X=Brorl 
| new C-C bond 


The alkene component is typically ethylene or a monosubstituted alkene (CH,=CHZ), and the 
halogen X is usually Br or I. When Z = Ph, COOR, or CN in a monosubstituted alkene, the new 
C-C bond is formed on the less substituted carbon to afford a trans alkene. When a vinyl 
halide is used as the organic halide, the reaction is stereospecific, as shown in Example [3]; the 
trans stereochemistry of the vinyl iodide is retained in the product. 


| Examples | 
CH30 CH,O 
Pd(OAc)» 
F CH=CH; a CH=CH; 
P(o-tolyl)3 
CHCH) N as = 
CH,0 (CHCHa)N CHo [ new C—C bond | 


—_—_—— 
Pd(OAc _ new C-C bond 

Ca + Acon PA. CL sisi} 
P(o-tolyl)3 COCH 


(CH3CH2)3N 
en aiaia trans alkene 


| new C—C bond | 


Pd(OAc 
(3) Pins + Zon ee ae ee 
a P(o-tolyl)3 
trans vinyl iodide (CH3CH2)3N trans 


Draw the coupling product formed when each pair of compounds is treated with Pd(OAc)>, 
P(o-tolyl)3, and (CH3CHs)3N. 


Cy: “OC ACN + ~z 
OCHg OCH za Br 
a p A 
{eT 4 oT N O~ 
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To use the Heck reaction in synthesis, you must determine what alkene and what organic halide 
are needed to prepare a given compound. To work backwards, locate the double bond with the 
aryl, COOR, or CN substituent, and break the molecule into two components at the end of the 
C=C not bonded to one of these substituents. Sample Problem 26.3 illustrates this retrosynthetic 


analysis. 
Product of the 
Heck reaction ==> Fy ZP CO A, ON 
i alkene 
-X two starting materials needed 


vinyl halide or aryl halide 


Sample Problem 26.3 What starting materials are needed to prepare each alkene using a Heck reaction? 


OCH, 
ee a on 
a. b. A ~AS CO0,CH,CH; 
CHa 
Solution 


To prepare an alkene of general formula R'CH=CHZ by the Heck reaction, two starting materials 
are needed —an alkene (CH2 =CHZ) and a vinyl or aryl halide (R'X). 


Form this new C—C bond. Form this new C—C bond. 


a. | b. 
S ~% >A~co,CH;CH; 


| tng + L£#->CO,CHCH, 


OCH; 


CH, 


Problem 26.8 What starting materials are needed to prepare each compound using a Heck reaction? 


oO 
10) 
A. On - 
a. b. ¢ ) C. a COCH; 
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The actual palladium catalyst in the Heck reaction is thought to contain a palladium atom bonded 
to two tri(o-tolyl)phosphine ligands, abbreviated as Pd(PAr3),. In this way it resembles the divalent 
palladium catalyst used in the Suzuki reaction. The mechanism of the Heck reaction conceptually 
consists of three parts: oxidative addition of the halide R'X to the palladium catalyst, addition of 
the resulting organopalladium reagent to the alkene, and two successive eliminations. A general 
organic halide R'X and alkene CH,=CHZ are used to illustrate the process in Mechanism 26.2. 


{ò Mechanism 26.2 Heck Reaction 


Step [1] Formation of an organopalladium compound by oxidative addition 


PAr. 
[1] 3 
Pd(PAr3)> + R'-X — Ar3P—Pd-X e Oxidative addition of R'X forms an 
— | : 
Feridativa addition R' organopalladium compound. 
i E organopalladium 
reagent 
Step [2] Addition of R' and Pd to the double bond 
PATa [2] PAr3 e Addition of R' and Pd to the x bond places the 
AraP-Pd-X + Az — AP-Pd-X Pd on the carbon with the Z substituent. 
R' R' 
es 
Steps [3]-[4] Two successive eliminations 
PATa m 
ARP- REX E RAS è Elimination of H and Pd forms the alkene in 
R' y Step [3] and transfers a hydrogen to Pd. 
4 + e Reductive elimination of HX regenerates the 
PATS [4] palladium catalyst Pd(PArs). in Step [4]. 


ArP—Pd-X = ———+ __Pd(PAra)2 


marom irre Mg 
reductive elimination 
| HX 


26.4 Carbenes and Cyclopropane Synthesis 


Another method of carbon-carbon bond formation involves the conversion of alkenes to cyclo- 
propane rings using carbene intermediates. 


| new C=C bond | Á | new C—C bond 


et se —— Y 


carbene \ 


Pyrethrin I and decamethrin both contain cyclopropane rings. Pyrethrin I is a naturally occur- 
ring biodegradable insecticide obtained from chrysanthemums, whereas decamethrin is a more 
potent synthetic analogue that is widely used as an insecticide in agriculture. 


A. LO 
O HCN 


r 


pyrethrin | decamethrin 
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26.4A Carbenes 


A carbene, R,C:, is a neutral reactive intermediate that contains a divalent carbon surrounded 
by six electrons—the lone pair and two each from the two R groups. These three groups make 
the carbene carbon sp” hybridized, with a vacant p orbital extending above and below the plane 
containing the C and the two R groups. The lone pair of electrons occupies an sp’ hybrid orbital. 


vacant p orbital 


R.¥ 


<<a «—— sp? hybrid orbital 


"$ 


vpr 
The carbene carbon is sp? hybridized. 


Carbenes share two features in common with carbocations and carbon radicals. 


e A carbene is highly reactive since carbon does not have an octet of electrons. 
e A carbene is electron deficient, and so it behaves as an electrophile. 


26.4B Preparation and Reactions of Dihalocarbenes 


Dihalocarbenes, :CX3, are especially useful reactive intermediates since they are readily prepared 
from trihalomethanes (CHX3) by reaction with a strong base. For example, treatment of chloro- 
form, CHCH, with KOC(CH3;)3 forms dichlorocarbene, ‘CCl. 
KOC(CHs)3 
CHCl ———*> ‘CCl, + (CH,)s5COH + KCI 
chloroform dichlorocarbene 


Dichlorocarbene is formed by a two-step process that results in the elimination of the elements 
of H and Cl from the same carbon, as shown in Mechanism 26.3. Loss of two elements from 
the same carbon is called œ elimination, to distinguish it from the B eliminations discussed in 
Chapter 8, in which two elements are lost from adjacent carbons. 


e Mechanism 26.3 Formation of Dichlorocarbene 


Cl Cl 
. “eS [1] c. (2] 

Cl-Ggh + ‘OC(CH3)3 ——— Gre = oe + Ch 
Cl Cl Cl 

pK, = 25 + HÖC(CHə)z dichlorocarbene 


è Three electronegative CI atoms acidify the C-H bond of CHCI; so that it can be removed by a strong base to form a 
carbanion in Step [1]. 


e Elimination of CI in Step [2] forms the carbene. 


Since dihalocarbenes are electrophiles, they readily react with double bonds to afford cyclopro- 
panes, forming two new carbon-carbon bonds. 
cl Cl 
| General reaction | ‘ee + :CCl —— x 
ŽO % t S Qorn 


| CHCl, + KOC(CHa)s | 


| Example | Q $ oy — CPX 
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Cyclopropanation is a concerted reaction, so both C-C bonds are formed in a single step, as 
shown in Mechanism 26.4. 


eS Mechanism 26.4 Addition of Dichlorocarbene to an Alkene 


re cl CI 
Wy _. Y 
f note 


r \ 


Carbene addition occurs in a syn fashion from either side of the planar double bond. The relative 
position of substituents in the alkene reactant is retained in the cyclopropane product. Carbene 
addition is thus a stereospecific reaction, since cis and trans alkenes yield different stereoiso- 
mers as products, as illustrated in Sample Problem 26.4. 


Sample Problem 26.4 Draw the products formed when cis- and trans-2-butene are treated with CHCl, and KOC(CHs)s. 


Solution 

To draw each product, add the carbene carbon from either side of the alkene, and keep all 
substituents in their original orientations. The cis methyl groups in cis-2-butene become cis 
substituents in the cyclopropane. Addition from either side of the alkene yields the same 
compound—an achiral meso compound that contains two aii aeS centers. 


:CCl; is added from :CCl; is added from | 
' above the above the plane. | below the plane. 


C| Cl 
CH 146 gn CHs CHCl; A CHa. „a pOH 
H” YH KOC(CHa)s CHg"Y A" ey pm 
cis-2-butene H H rie 
p reatieacieaiad 


an achiral meso compound 


[* denotes a stereogenic center] 


The trans methyl groups in trans-2-butene become trans substituents in the cyclopropane. 
Addition from either side of the alkene yields an equal amount of two enantiomers—a racemic 


mixture. 
:CCl, is added from | | :CCly is added from 
above the plane. | below the plane. 
[a ae: | 


Cl Cl 
Noe 
CHaro gol CHCl, de , % 2 és H, 
= a CHa yC- OLH ™C-C™=CH, 
H® Xch, KOC(CHs)3 a” Non, 
trans-2-butene cl ‘ol 


Ly enantiomers H 


[* denotes a stereogenic center] 


Probiem 26.9 


Problem 26.10 


26.5 
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Draw all stereoisomers formed when each alkene is treated with CHCI and KOC(CHs)3. 


CH, H CHsCH, CHCH; CH3 
\ / / 
a. C=C b. C=C c. 
/ \ f `X 
H H 


Finally, dihalo cyclopropanes can be converted to dialkyl cyclopropanes by reaction with organo- 
cuprates (Section 26.1). For example, cyclohexene can be converted to a bicyclic product having 
four new C-C bonds by the following two-step sequence: cyclopropanation with dibromocarbene 
(:CBry) and reaction with lithium dimethylcuprate, LiCu(CH3)). 


Bik KOC(CHs)3 Br LiCu(CH3)2 CH3 
i [1] Br [2] CH, 
—— — 
| two new C—C bonds © _ two new C—C bonds | 


What reagents are needed to convert 2-methylpropene [(CH3)2C =CH,] to each compound? More 
than one step may be required. 


a. ate b. Pa c. A. 
Cl Br 


Simmons-Smith Reaction 


Although the reaction of dihalocarbenes with alkenes gives good yields of halogenated cyclo- 
propanes, this is not usually the case with methylene, :CH), the simplest carbene. Methylene is 
readily formed by heating diazomethane, CH,N>, which decomposes and loses N3, but the reac- 
tion of ‘CH, with alkenes often affords a complex mixture of products. Thus, this reaction cannot 
be reliably used for cyclopropane synthesis. 

CHpTN=N: —— :CH, + NEIN: 


diazomethane methylene 


Nonhalogenated cyclopropanes can be prepared by the reaction of an alkene with diiodomethane, 
CHI, in the presence of a copper-activated zinc reagent called zinc-copper couple [Zn(Cu)]. 
This process, the Simmons—Smith reaction, is named for H. E. Simmons and R. D. Smith, 
DuPont chemists who discovered the reaction in 1959. 


H p 
Ee] j Zn(cu) Xg 
Simmons-Smith reaction C=C + CHI — IY + Zb 
— an 


Zn(Cu) 
| Example | + CHI, —— + Zn 


The Simmons-—Smith reaction does not involve a free carbene. Rather, the reaction of CH], with 
Zn(Cu) forms (iodomethyl)zinc iodide, which transfers a CH, group to an alkene, as shown in 
Mechanism 26.5. 
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ts Mechanism 26.5 Simmons-Smith Reaction 


Step [1] Formation of the Simmons-Smith reagent 


Zn(Cu) 


CHI, “aA 


(iodomethyl)zinc iodide 
Simmons-Smith reagent 


ICH;—Zn—I 


e Reaction of CH,I, with zinc-copper couple forms JCH,Znl, the 
Simmons-Smith reagent. Since the CH, group is bonded to the metal 
and does not exist as a free carbene, this intermediate is called a 
carbenoid. 


Step [2] Formation of the cyclopropane ring 


‘rT 
IC “eke a 
2SN ZM 
Problert ! 
26.6 


Recall from Section 10.1 that 
olefin is another name for an 
alkene. 


The word metathesis is derived 
from the Greek words meta 
(change) and thesis (position). 
The 2005 Nobel Prize in 
Chemistry was awarded to 
Robert Grubbs of the California 
Institute of Technology, Yves 
Chauvin of the Institut Frangais 
du Pétrole, and Richard 
Schrock of the Massachusetts 
Institute of Technology for their 
work on olefin metathesis. 


Sy 


PA 


: new C-C bond 


| See 


et + Zn, © The Simmons-Smith reagent transfers a CH3 group to the alkene, 


forming two new C-C bonds in a single step. 


| new C—C bond | 


The Simmons-Smith reaction is stereospecific. The relative position of substituents in the 
alkene reactant is retained in the cyclopropane product, as shown for the conversion of cis-3- 
hexene to cis-1,2-diethylcyclopropane. 


H 
ve 
CHgZCHz,,, ao CHCH; CH1 / \ 
ron, =a avC O, 
H H Zn(Cu) CHaCHi, a CHeCHs 
cis-3-hexene cis-1,2-diethylcyclopropane 


What product is formed when each alkene is treated with CHsIp and Zn(Cu)? 
oh 


CL b» > -=g 


What stereoisomers are formed when trans-3-hexene is treated with CHsIo and Zn(Cu)? 


Metathesis 


Alkene metathesis, more commonly called olefin metathesis, is a reaction between two alkene 
molecules that results in the interchange of the carbons of their double bonds. Two o and two 1 
bonds are broken and two new o and two new r bonds are formed. 


RCGH=CH, 
r 7 catalyst 
Olefin metathesis | + ———> RCH=CHR + CH=CH; 
RCH=CH, 


Olefin metathesis occurs in the presence of a complex transition metal catalyst that contains a 
carbon—metal double bond. The metal is typically ruthenium (Ru), tungsten (W), or molybdenum 
(Mo). In a widely used catalyst, called Grubbs catalyst, the metal is Ru. 


PCy3 
Ch Hu=CHPh 
Cr 

PCy, 


Grubbs catalyst 


Problem 26.13 


Figure 26.2 

Drawing the products of 
olefin metathesis using 
styrene (PhCH =CH;)) as 
starting material 


26.6 Metathesis 1057 


Olefin metathesis is an equilibrium process and, with many alkene substrates, a mixture of starting 
material and two or more alkene products is present at equilibrium, making the reaction useless 
for preparative purposes. With terminal alkenes, however, one metathesis product is CH=CH; (a 
gas), which escapes from the reaction mixture and drives the equilibrium to the right. As a result, 
monosubstituted alkenes (RCH=CH,) and 2,2-disubstituted alkenes (RxC=CH),) are excellent 
metathesis substrates because high yields of a single alkene product are obtained, as shown in 
Equations [1] and [2]. 


Cl,(Cy3P)2>Ru=CHPh 
Sayer PRR err 


[1] 2 CH3CH»CH»CH=CH, CH3CH,CH,CH=CHCH2CH2CH, + CH=CH; 
(E and Z) 
h Clo(Cy3P)2RU=CHPh 
[2] 2 Da S a + CH=CH; 
H 
(E and Z) 


To draw the products of any metathesis reaction: 


[1] Arrange two molecules of the starting alkene adjacent to each other as in Figure 26.2 
where styrene (PhCH = CH3) is used as the starting material. 

[2] Then, break the double bonds in the starting material and form two new double bonds 
using carbon atoms that were not previously bonded to each other in the starting alkenes. 


There are always two ways to arrange the starting alkenes (Pathways [1] and [2] in Figure 26.2). 
In this example, the two products of the reaction, PhCH=CHPh and CH,=CH) are formed in the 
first reaction pathway (Pathway [1]), while starting material is re-formed in the second pathway 
(Pathway [2]). Whenever the starting alkene is regenerated, it can go on to form product when 
the catalytic cycle is repeated. 


Draw the products formed when each alkene is treated with Grubbs catalyst. 


OCH, 


PhCH=CHs Pathway [1] 
Join these 2 C’s. Join these 2 C’s. aaa FHGH + GHe 
PRCH=CH, l PhCH CH, 
cis and trans gaseous product 
PhCH=CH; Pathway [2] 
Join these 2 C’s. Join these 2 C’s. ——- Phor + GHe 
metathesis CH3 PhCH 


HC =CHPh ; : x à 

starting material starting material 

e Overall reaction: 2 PhaCH=CH; > PhCH =CHPh + CH=CH}. 

e There are always two ways to join the C’s of a single alkene together to form metathesis products 
(Pathways [1] and [2]). 

e When like C’s of the alkene substrate are joined in the first reaction (Pathway [1]), PRCH=CHPh 
(in a cis and trans mixture) and CH=CH; are formed. Since CH=CH, escapes as a gas from the 
reaction mixture, only PRCH=CHPh is isolated as product. 

e When unlike C’s of PhCH =CH; are joined in the second reaction (Pathway [2]), starting material is 
formed, which can re-enter the catalytic cycle to form product by the first pathway. 

è In this way, a single constitutional isomer, PhCH =CHPh, is isolated with two new C-C bonds. 
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What products are formed when cis-2-pentene undergoes metathesis? Use this reaction to explain 
why metathesis of a 1,2-disubstituted alkene (RCH=CHR’) is generally not a practical method for 
alkene synthesis. 


The mechanism for olefin metathesis is complex, and involves metal—-carbene intermediates— 
intermediates that contain a metal-carbon double bond. The mechanism is drawn for the 
reaction of a terminal alkene (RCH=CH)) with Grubbs catalyst, abbreviated as Ru = CHPh, to 
form RCH=CHR and CH,=CHp. To begin metathesis, Grubbs catalyst reacts with the alkene 
substrate to form two new metal—carbenes A and B by a two-step process: addition of Ru=CHPh 
to the alkene to yield two different metallocyclobutanes (Step [1]), followed by elimination to 
form A and B (Steps [2a] and [2b]). The alkene by-products formed in this process (RCH=CHPh 
and PhCH=CH,) are present in only a small amount since Grubbs reagent is used catalytically. 


_ Formation of the metal—carbene complexes needed for metathesis | 


Ph 
Ru 2a R 
“r a, ie + RCH=CHPh 
CH, 
Ru=CHPh R A 
Grubbs reagent i] Pea] | 
+ + metal-carbene Ikene by-products 
complexes BS a 
RCH=CH, c 
starting material Ph 
Ru [2b] Ru 
Z > ıl +  PhCH=CH, 
CHR 
R B 


metallocyclobutanes 


Each of these metal—carbene intermediates A and B then reacts with more starting alkene to form 
metathesis products, as shown in Mechanism 26.6. This mechanism is often written in a circle to 
emphasize the catalytic cycle. The mechanism demonstrates how two molecules of RCH=CH), 
are converted to RCH=CHR and CH,=CH). 


{> Mechanism 26.6 Olefin Metathesis: 2 RCH=CH; —> RCH=CHR + CH=CH, 


product [4] 


starting material 


` Begin here e Reaction of Ru = CH, with the alkene RCH = CH; forms 
a a metallocyclobutane in Step [1], which eliminates 
CH2= CHa, a metathesis product, in Step [2]. Ru can 
Ru=CH, bond to either the more or less substituted end of the 


[1] starting material alkene (RCH=CHp), but product is formed only when Ru 
bonds to the more substituted C, as shown. 
R e Metal-carbene complex B, also formed in Step [2], adds 
A to alkene RCH = CH; to form another metallocyclobutane, 
which decomposes to RCH = CHR, the second metathesis 


R product, in Step [4]. Ru can bond to either the more or 
[2] less substituted end of the alkene, but product is formed 
only when Ru bonds to the /ess substituted C, as 
B shown. 
product 


e Since A is also formed in Step [4], the catalyst is 
regenerated and the cycle can begin again. 


e The mechanism can be written beginning with reagent 
A or B, and all steps are equilibria. 
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When a diene is used as starting material, ring closure occurs. These reactions are typically 
run in very dilute solution so that the two reactive ends of the same molecule have a higher 
probability of finding each other for reaction than two functional groups in different molecules. 
These high-dilution conditions thus favor intramolecular rather than intermolecular metathesis. 


| Ring-closing metathesis 
Grubbs a 
catalyst A 


A metathesis reaction that 
forms a ring is called ring- 
closing metathesis (RCM). 


| new C=C | 
| Examples new FA 
| (6) 
Grubbs vs ii 
SN yO ah | 5 \ + CH=CH, sso $$ 
| y O 
Ts ! 
Ts tosyl 


F F. 
Grubbs 
Í l OL 7 LON O + CH,=CH 
O ad catalyst O | —_ : R 
A new C=C 


Because metathesis catalysts are compatible with the presence of many functional groups (such 
as OH, OR, and C=O) and because virtually any ring size can be prepared, metathesis has been 
used to prepare many complex natural products (Figure 26.3). 


Figure 26.3 

Ring-closing metathesis in the 
synthesis of epothilone A 

and Sch38516 


| »- 
SS N HO. N 
Grubbs we ` one step 
catalyst : : 
O OH O O OH O 
(E and Z isomers formed) epothilone A 
anticancer drug 
OAc OAc 
o9A 
NHCOCF, NHCOCF 
O 
Grubbs two steps 
catalyst 


Sch38516 
antiviral agent 


e Epothilone A, a promising anticancer agent, was first isolated from soil bacteria collected from the 
banks of the Zambezi River in South Africa. 

e Sch38516 is an antiviral agent active against influenza A. 

e The new C-C bonds formed during metathesis are indicated in red. In both metathesis reactions, 
CH= CH; is also formed. 
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Vrobler: 2515 Draw the product formed from ring-closing metathesis of each compound. 


OCH 
a. Ph -0 b. A A 
CO,CH; 
Prolyicrs 25.16 What product is formed by ring-closing metathesis of compound V, a key intermediate in the synthesis 


of ingenol, a complex naturally occurring compound that exhibits antileukemic and anti-HIV activity? 


ingenol 
Ingenol is isolated from the Sample Problem 26.5 What starting material is needed to synthesize each compound by a 
milky liquid obtained from ring-closing metathesis reaction? 
Euphorbia ingens, a large CH,0,C CO,CH, 
cactus commonly called the 
candelabra tree, which is native b 
to dry areas in southern Africa. ad “0 
(8) 
Solution 


To work in the retrosynthetic direction, cleave the C=C in the product, and bond each carbon of 
the original alkene to a CH; group using a double bond. 


NY 
=>> Add =CH; to both C's. 
eN E Bavia 


Break the C=C. 
starting material 


The resulting compound has a carbon chain with two terminal alkenes. 


CH302C COCH CH302G COCH; 
a = 
_ Break L C=C. | starting material 
Break the C=C. 
OX- =- Oey 
(0) (0) 


starting material 


Problems 26.17 What starting material is needed to synthesize each compound by a ring-closing metathesis reaction? 


COCH3 
a. Q= b. G: CHO 
CH0 
OH (6) 
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KEY CONCEPTS —— 


Carbon-Carbon Bond-Forming Reactions in Organic Synthesis 


Coupling Reactions 
[1] Coupling reactions of organocuprate reagents (26.1) 


R-X + R,CuLi —— LAR | + RCu 
X =Cl, Br I + LX 


R'X can be CH3X, RCHoX, 2° cyclic halides, vinyl halides, and aryl 
halides. 

e X may be Cl, Br, or I. 

e With vinyl halides, coupling is stereospecific. 


[2] Suzuki reaction (26.2) 


Y 

/ Pd(PPh3)4 
EEAS a ray 

\ NaOH [ASR | 2 


X=BrI Y + Nax 


R'X is most often a vinyl halide or aryl halide. 
With vinyl halides, coupling is stereospecific. 


[8] Heck reaction (26.3) 


l Pd(OAc), RL e R'X is a vinyl halide or aryl halide. 
R=X + gi Sz Ploto [ee e Z=H, Ph, COOR, or CN. 
X=Brorl (CH3CH,)3N e With vinyl halides, coupling is stereospecific. 


te 
+ (CH3CH2)NH X- The reaction forms trans alkenes. 


Cyclopropane Synthesis 
[1] Addition of dihalocarbenes to alkenes (26.4) 


The reaction occurs with syn addition. 
The position of substituents in the alkene is retained in the 
cyclopropane. 


Yo Z CHX 
© EE 
/ \_ KOC(CHs)3 


The reaction occurs with syn addition. 


/ CHol> e The position of substituents in the alkene is retained in the 
= \ Zn(Cu) cyclopropane. 


Metathesis (26.6) 
[1] Intermolecular reaction 


bb = i = 
2 RCH=CH, Grubbs | RCH=CHR + CH=CH ° Metathesis works best when CH. =CHs, a gas that escapes from 
catalyst the reaction mixture, is one of the products formed. 
[2] Intramolecular reaction 
A 
Od Grubbs 
catalyst 
I y 


diene _ new C= | 


Ring-closing metathesis forms rings of any size from diene starting 
materials. 


f 
+ 
o 
S 
i 
O 
T 
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PROBLEMS a 


Problems Using Three-Dimensiona! Models 


26.18 In addition to organic halides, alkyl tosylates (R'OTs, Section 9.13) also react with organocuprates (RoCuLi) to form coupling 
products R-R'. When 2° alkyl tosylates are used as starting materials (R,CHOTs), inversion of the configuration at a stereogenic 
center results. Keeping this in mind, draw the product formed when each compound is treated with (CH3)2CuLi. 


w 
w 
, < 
e oO ge. a DE 
n s> ng 2 á ve. © ọọ - 
vu & e? as @ @ 
a D 7 wo, Y b A-a- e ©. 
vee Tye? ~ Gree OY 
J| 4 “wa = Q w 
~@, id 
26.19 What product is formed by ring-closing metathesis of each compound? 
9 w 
2 © , ¥ ¥ gy 3 
> en, 90 » È 
-v n? ~ T Px @ ð J 
wo Y pur 
a | @.@ bo 9 C8 2 @ 
© @ ~» ~® c Cw e-- 
99 e @ $ 
{y @ ~ id v 
w a 
vW 
Coupling Reactions 
26.20 Draw the products formed in each reaction. 
Cl 
Br O SS Pd 
/ (PPhg)q 
: + : — i BFN 
a Cy (CH3CHCH2) CuLi e — + B | a —— 
B(OCHs)z N 
Pd(PPh 
b. + y \ Br Pa(PPha), f. CH0 Br + A ~cO,CH _Pd(OAc), - 
= NaOH 3 P(o-toly!)3 
(CH3CHs)3N 
EUOAE [1] Li [3] ~S8r 
š B — os 
r ‘Cy Plooy) j "  2IB(OCHəs — Po(PPho)4 
(CHgCH2)3N NaOH 
z P 
[1] Li [1] HB. LD 
[2] Cul O 
dy, POR ORF E h. (CH3)3C -C=C-H 
(31, I= [2] CeH5Br, Pd(PPh3)4, NaOH 


26.21 What organic halide is needed to convert lithium divinylcuprate [(CH2=CH),CuLi] to each compound? 


O eda OY + 0 


CO,CH, 


Problems 1063 


26.22 How can you convert ethynylcyclohexane to dienes A-C using a Suzuki reaction? You may use any other organic compounds 
and inorganic reagents. Is it possible to synthesize diene D using a Suzuki reaction? Explain why or why not. 


ethynylcyclohexane 
26.23 What compound is needed to convert styrene (CgHsCH=CHz) to each product using a Heck reaction? 


26.24 What steps are needed to convert 1-butene (CHsCH,CH=CH,) to octane [CH3(CH2)gCH,] using a coupling reaction with an 
organocuprate reagent? All carbon atoms in octane must come from 1-butene. 


Cyclopropanes 
26.25 Draw the products (including stereoisomers) formed in each reaction. 


<I CHCl, CHBrg CHCl 
a. —— ©. —— e. NN —_ + 
KOC(CHs3)3 KOC(CHs)3 KOC(CHs)3 
7 <] CHI, 4 CHI, i CHCl, 
i Zn(Cu) ' Zn(Cu) ` KOC(CHs)5 
26.26 Treatment of cyclohexene with CsH5CHI> and Zn(Cu) forms two stereoisomers of molecular formula C3H4. Draw their 
structures and explain why two compounds are formed. 


Metathesis 
26.27 What ring-closing metathesis product is formed when each substrate is treated with Grubbs catalyst under high-dilution conditions? 
H (9) 
a. b. ron A 
aA 
\ COCH; 


26.28 What starting material is needed to prepare each compound by a ring-closing metathesis reaction? 


9 9 COCH; 


1064 Chapter 26 Carbon-Carbon Bond-Forming Reactions in Organic Synthesis 


26.29 Metathesis reactions can be carried out with two different alkene substrates in one reaction mixture. Depending on the substitution 
pattern around the C=C, the reaction may lead to one major product or a mixture of many products. For each pair of alkene 
substrates, draw all metathesis products formed. (Disregard any starting materials that may also be present at equilibrium.) With 
reference to the three examples, discuss when alkene metathesis with two different alkenes is a synthetically useful reaction. 


a. CH3CH,CH=CH, b. dat + Da on Ni + = 
+ 


CH3CH2,CH,CH=CH, 
26.30 Draw the structure of the two products of molecular formula C;s;H2g02 formed when M is treated with Grubbs catalyst under 
high-dilution conditions. 
gO ag ag tt ei ng alt 
o M 
26.31 When certain cycloalkenes are used in metathesis reactions, ring-opening metathesis polymerization (ROMP) occurs to form 


a high molecular weight polymer, as shown with cyclopentene as the starting material. The reaction is driven to completion by 
relief of strain in the cycloalkene. 


| This C=C is cleaved. | 


| Ring-opening metathesis 
metathesis polymerization O) catalyst ji 4 SS 
| new C=C o | 


What products are formed by ring-opening metathesis polymerization of each alkene? 


o oft ff 


General Reactions 


26.32 Draw the products formed in each reaction. 


O 
r CHBr; NA | Grubbs 
. o . 
KOC(CH3)3 ö Pa catalyst 

Br COOH 

Pd(OAc S&S CH; 
b. + 2 NCO,CH; Min g. e 

P(o-tolyl), Zn(Cu) 


~ 


(CH3CHs)gN 
y Pd(OA oe 
706 e, = h. The product in (a) Bisel ale 
P(o-toly’ 
NHCOCHs  (CHCH,)sN 
CH, 
: Beene E. e = ee g 
| i ° NaOH b [2] Cul 
[3] -Br 
O 
Z 
[1] H—B LD 
ä _PA(PP ha) i 
a j. CHgCH»—~C=C-H 
‘o "NaOH 
Pd(PPhs)4 


NaOH 
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Mechanisms 
26.33 In addition to using CHX; and base to synthesize dihalocarbenes (Section 26.4), dichlorocarbene (:CCl.) can be prepared by 
heating sodium trichloroacetate. Draw a stepwise mechanism for this reaction. 


1 
Cl,C-C —4. 06, + COs + Ned 
O- Na* 
sodium trichloroacetate 


26.34 Draw a stepwise mechanism for the following reaction. 


Oe me ÇY + ne 
noro 


26.35 Sulfur ylides, like the phosphorus ylides of Chapter 21, are useful intermediates in organic synthesis, as shown in Problem 21.77. 
Methyl trans-chrysanthemate, an intermediate in the synthesis of the insecticide pyrethrin | (Section 26.4), can be prepared from 
diene A and a sulfur ylide. Draw a stepwise mechanism for this reaction. 


Ef} nt 


pnd 
methyl trans-chrysanthemate pyrethrin | 


a sulfur ylide 


26.36 Although diazomethane (CH2N,) is often not a useful reagent for preparing cyclopropanes, other diazo compounds give 
good yields of more complex cyclopropanes. Draw a stepwise mechanism for the conversion of diazo compound A to B, an 
intermediate in the synthesis of sirenin, the sperm attractant produced by the female gametes of the water mold Allomyces. 


— SS 
pangs | Cul two two steps 
__> 
+ A 
rita CO CH3 CO.CH3 
oy B 
diazo compound sirenin 
A 


sperm attractant of the 
female water mold 


26.37 The reaction of cyclohexene with iodobenzene under Heck conditions forms E, a coupling product with the new phenyl 
group on the allylic carbon, but none of the “expected” coupling product F with the phenyl group bonded directly to the 
carbon-carbon double bond. 


Or gee, DO OO 

+ PROBE 

P(o-toly!)g 
(CHgCHz) JaN 


ite not ‘eae 


a. Draw a stepwise mechanism that illustrates how E is formed. 


b. Step [2] in Mechanism 26.2 proceeds with syn addition of Pd and R' to the double bond. What does the formation of E 
suggest about the stereochemistry of the elimination reaction depicted in Step [3] of Mechanism 26.2? 
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Synthesis 


26.38 


26.39 


26.40 


26.41 


26.42 


26.43 


26.44 


26.45 


Devise a synthesis of diene A from (Z)-2-bromostyrene as the only organic starting material. Use a Suzuki reaction in one step 
of the synthesis. 


A (Z)-2-bromostyrene 


Devise a synthesis of (1E)-1-phenyl-1-hexene (CH3CH2CH2CH2CH= CHPh) using hydrocarbons having < 6 C’s and a Suzuki 
reaction as one of the steps. 


Devise a synthesis of the given trans vinylborane, which can be used for bombykol synthesis (Figure 26.1). All of the carbon 
atoms in the vinylborane must come from acetylene, 1,9-nonanediol, and catecholborane. 


oO. 
CL B SS OH 
Oo 


Devise a synthesis of each compound using a Heck reaction as one step. You may use benzene, CH2 = CHCO.EFt, organic 
alcohols having two carbons or fewer, and any required inorganic reagents. 


O 
not \ » TO 
DPY 


Devise a synthesis of each compound from cyclohexene and any required organic or inorganic reagents. 
Br Br 


a. Pn b. AA G; 


Devise a synthesis of each compound from benzene. You may also use any organic compounds having four carbons or fewer, 
and any required inorganic reagents. 


of ob oa o 


Devise a synthesis of each substituted cyclopropane. Use acetylene (HC =CH) as a starting material in parts (a) and (b), and 
cyclohexanone as a starting material in parts (c) and (d). You may use any other organic compounds and any ae reagents. 


+ enantiomer + enantiomer 


Biaryls, compounds containing two aromatic rings joined by a C-C bond, can often be efficiently made by two different Suzuki 
couplings; that is, either aromatic ring can be used to form the organoborane needed for coupling. In some cases, however, only 
one route is possible. With this in mind, synthesize each of the following biaryls using benzene as the starting material for each 
aromatic ring. When more than one route is possible, draw both of them. You may use any required organic or inorganic reagents. 


HO 
(0) 


Problems 1067 


26.46 Draw the product formed from the ring-closing metathesis of each compound. Then, devise a synthesis of each metathesis 
starting material using any of the following compounds: CH,(CO2Et)s, alcohols with less than five carbons, and any needed 
organic and inorganic reagents. 


EtO,C CO.Et O—TBDMS 
ao b. S A 


26.47 Draw the product formed from the ring-closing metathesis of each compound. Then, devise a synthesis of each metathesis 
starting material from benzene, alcohols with less than five carbons, and any needed organic and inorganic reagents. 


26.48 What reagents are needed to carry out transformations [1]-[3] in the synthesis of aldehyde A? A can be converted to the 
antitumor agent maytansine in several steps. 


ÇI CHs GI CHs is 
CH30 N CH,0 N CH,0 
x Q “CO,CH, [1] i ~CO,CH, [2]. : ~CO,CH, 
OTBDMS 
I A Z NCHO 
| 
ge? [3] 
Ps Cl Hs 
CH,O N, 
several __ Several steps “CO,CH3 


chô O” 


maytansine 


26.49 Devise a synthesis of each of the following compounds. Besides inorganic reagents, you may use hydrocarbons and halides 
having < 6 C’s, and CH= CHCOOCH; as starting materials. Each synthesis must use at least one of the carbon-carbon bond- 
forming reactions in this chapter. 


OCH; OH 


a. Cc. oe ee 


(two enantiomers) (+ enantiomer) 


O 
OH Meon 
b. in d d; f. 


(two enantiomers) (two enantiomers) 


H — Ę'CO2CH; 
H 
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Challenge Problems 


26.50 Many variations of ring-closing metathesis have now been reported. For example, tandem ring-opening-ring-closing metathesis 
can occur with cyclic alkenes that contain two additional carbon-carbon double bonds. In this reaction, the cycloalkene is 
cleaved, and two new rings are formed. [1] What compounds are formed in this tandem reaction with the following substrates? 
[2] Devise a synthesis of the substrate in part (b) that uses a Diels-Alder reaction with diethyl maleate as the dienophile. 


EEN g 
| l Na 


diethyl maleate 


CgH 4902 
= oe 


26.51 The following conversion, carried out in the presence of Grubbs catalyst and ethylene gas, involves a cascade of metathesis 
reactions. Draw a reaction sequence that illustrates how the reactant is converted to the product Z, and indicate where each 
labeled atom in the reactant ends up in Z. 


26.52 Suzuki coupling of aryl iodide A and vinylborane B affords compound C, which is converted to D in the presence of aqueous 
acid. Identify bine C and D and draw a stepwise mechanism for the conversion of C to D. 


Pa(PPhs), H30* 
E “Maon ® p 
OČHČHa, ° C,,H,,NO 


A B 
26.53 Dimethyl cyclopropanes can be prepared by the reaction of an a,8-unsaturated carbonyl compound X with two equivalents of a 
Wittig reagent Y. Draw a stepwise mechanism for this reaction. 
(6) 


HO AN, é Ppt _, CHO a 


O (2 — O 
X 


26.54 Dienynes undergo metathesis to afford fused bicyclic ring systems. (a) Explain how A is converted to B. (b) Keeping this 
reaction in mind, draw the two products formed by dienyne metathesis of C. 


OSiEt, 


OSIEt, 
a 
metathesis = 
ff Y OSIEt, 
Cc 


Periplanone B, an unusual diepoxide with a 10-membered ring, is a potent sex phero- 
mone of the female American cockroach. Although periplanone B was isolated in 1952, 
its structure was not determined until 1976 using 200 ug of material obtained from more 
than 75,000 female cockroaches. This structure was confirmed by synthesis in 1979, and 
several subsequent syntheses have been reported. Key steps in an elegant 1984 synthesis 
of periplanone B involve pericyclic reactions, a group of powerful, stereospecific reac- 
tions discussed in Chapter 27. 


27.1 


27.2 
27.3 
27.4 
27.5 


27.6 


Types of pericyclic 
reactions 

Molecular orbitals 
Electrocyclic reactions 
Cycloaddition reactions 
Sigmatropic 
rearrangements 


Summary of rules for 
pericyclic reactions 
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27.1 


Stereospecific reactions were 
first discussed in Chapter 10. 


Many of the reactions thus far encountered in our study of organic chemistry occur by 
way of reactive intermediates—cations, anions, and radicals. For example, the Sy1 reaction in 
Chapter 7 and electrophilic aromatic substitutions in Chapter 18 involve carbocations, while the 
aldol and Claisen reactions in Chapter 24 occur via enolate anions. Other reactions, such as the 
halogenation of alkanes and the polymerization of alkenes discussed in Chapter 15, take place 
via radical intermediates. 


In Chapter 27, we learn about a small but versatile group of reactions, pericyclic reactions, which 
occurs in a concerted process—all bonds are broken and formed in a single step—with a cyclic 
transition state. The Diels—Alder reaction in Chapter 16 is an example of one type of pericyclic 
reaction. Pericyclic reactions involve n bonds, and they are governed by a set of rules that allows 
us to predict the identity and stereochemistry of the products formed. Consequently, pericyclic 
reactions are valuable tools for synthesizing organic molecules. 


Types of Pericyclic Reactions 


Although most organic reactions take place by way of ionic or radical intermediates, a number of 
useful reactions occur in one-step processes that do not form reactive intermediates. 


e A pericyclic reaction is a concerted reaction that proceeds through a cyclic transition 
state. 


Pericyclic reactions require light or heat and are completely stereospecific; that is, a particu- 
lar stereoisomer of the reactant forms a particular stereoisomer of the product. There are three 
categories of pericyclic reactions: electrocyclic reactions, cycloadditions, and sigmatropic 
rearrangements. 


An electrocyclic reaction is a reversible reaction that can involve ring closure or ring opening of 


one molecule of reactant to form one molecule of product. 


e An electrocyclic ring closure is an intramolecular reaction that forms a cyclic product 
containing one more o bond and one fewer r bond than the reactant, 


o> A 
ly eo > K — rer ove 
ZA 


1,3,5-hexatriene 1,3-cyclohexadiene 
3 z bonds 2 = bonds 


¢ An electrocyclic ring opening is a reaction in which a o bond of a cyclic reactant is 
cleaved to form a conjugated product with one more n bond. 


Cleave this o bond. 


ie ats C 


cyclobutene 1,3-butadiene 
1 = bond 2 x bonds 
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Cycloaddition reactions form a ring. The Diels—Alder reaction in Chapter 16 is one example of 
a cycloaddition. 


e A cycloaddition is a reaction between two compounds with z bonds to form a cyclic 
product with two new o bonds. 


new o bond 


A» e 
<= bed 
newn n 
"N new o bond 
In contrast to electrocyclic reactions and cycloadditions, in which the number of z bonds dif- 
fers in the reactants and products, the number of z bonds does not change in a sigmatropic 
rearrangement. 


e A sigmatropic rearrangement is a reaction in which a o bond is broken in the reactant, 
the z bonds rearrange, and a c bond is formed in the product. 


| Cleave this o bond 
DADS 07 
Ne Ae —, new o bond 
SS 


2 m bonds 2 m bonds 


cae ae Tea Two features determine the course of the reactions: the number of m bonds involved and whether 
offmannand Fu APON the reaction occurs in the presence of heat (thermal conditions) or light (photochemical condi- 

the 1981 Nobel Prize in ' ‘ a 
tions). These reactions follow a set of rules based on orbitals and symmetry first proposed by 


Chemistry for developi 
A Trot oal Peg ney a and Roald Hoffmann in 1965, and derived from theory described by Kenichi 
ukui in ‘ 


course of pericyclic reactions. 
n To understand pericyclic reactions we must review and expand upon what we learned about the 
molecular orbitals of systems with 7m bonds in Chapter 17. 


Problem 27.1 Classify each reaction as an electrocyclic reaction, a cycloaddition, or a sigmatropic rearrangement. 
Label the o bonds that are broken or formed in each reaction. 


O ce r~ L 
a e | C. — 
A N 
(0) te) 
bE + no = — in Ks —- “~~ 
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27.2 


27.2A 


Figure 27.1 


The m and m* molecular 
orbitals of ethylene 


27.2B 


Molecular Orbitals 


In Section 17.9 we learned that molecular orbital (MO) theory describes bonds as the math- 
ematical combination of atomic orbitals that forms a new set of orbitals called molecular orbit- 
als (MOs). The number of atomic orbitals used equals the number of molecular orbitals 
formed. 


Since pericyclic reactions involve m bonds, let’s examine the molecular orbitals that result from p 
orbital overlap in ethylene, 1,3-butadiene, and 1,3,5-hexatriene, molecules that contain one, two, 
and three m bonds, respectively. Keep in mind that the two lobes of a p orbital are opposite in 
phase, with a node of electron density at the nucleus. 


Ethylene 


The 7 bond in ethylene (CH,=CH),) is formed by side-by-side overlap of two p orbitals on adja- 
cent carbons. Two p orbitals can combine in two different ways. As shown in Figure 27.1, when 
two p orbitals of similar phase overlap, a bonding molecular orbital (designated as y) results. 
Two electrons occupy this lower-energy bonding molecular orbital. When two p orbitals of oppo- 
site phase combine, a m* antibonding molecular orbital (designated as y>*) results. A destabiliz- 
ing node between the orbitals occurs when two orbitals of opposite phase combine. 


eS yY 
ô ô 


] opposite phases z* antibonding MO 


ee ee des, A ces; O paia energy of 


è p atomic orbital 


p atomic orbitai H a _ 7 The electrons reside — 
ji tw, in the bonding MO. 


i -a 


like phases m bonding MO 
interacting (0 nodes) 


1,3-Butadiene 


The two 7 bonds of 1,3-butadiene (CH,=CH-CH=CH),) are formed by overlap of four p orbitals 
on four adjacent carbons. As shown in Figure 27.2, four p orbitals can combine in four different 
ways to form four molecular orbitals designated as w,;—\4. Two are bonding molecular orbitals 
(wy, and yy), and two are antibonding molecular orbitals (y3* and wy*). The two bonding MOs 
are lower in energy than the p orbitals from which they are formed, whereas the two antibonding 
MOs are higher in energy than the p orbitals from which they are formed. As the number of 
bonding interactions decreases and the number of nodes increases, the energy of the molec- 
ular orbital increases. 


e In the ground-state electronic arrangement, the four n electrons occupy the two 
bonding molecular orbitals. 


Figure 27.2 
The four = molecular 
orbitals of 1,3-butadiene 


Problem 27.2 
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| Ground state | | Excited state | 


bP i d y — — excited state LUMO 


(3 bbe 


a = | ground state LUMO | i 
d (2 nodes) a aad 
noes in Se tow 0 hs eg et ee ow i Os Sw ne ee as SO ee Se a ee e 


+ excited state HOMO | 
a m 


p atomic orbital 


adha i wit” ta 


(1 node) 


very 
ò è à d wi tt tH 


(0 nodes) 


e The two lowest energy molecular orbitals, yw, and we, are bonding MOs. 
e The two highest energy molecular orbitals, ws* and y,4*, are antibonding MOs. 


Also recall from Section 17.9: 


e The highest energy orbital that contains electrons is called the highest occupied 
molecular orbital (HOMO). In the ground state of 1,3-butadiene, w. is the HOMO. 

e The lowest energy orbital that contains no electrons is called the lowest unoccupied 
molecular orbital (LUMO). In the ground state of 1,3-butadiene, wy," is the LUMO. 


The thermal reactions discussed in Section 27.3 utilize reactants in their ground state elec- 
tronic configuration. 


When 1,3-butadiene absorbs light of appropriate energy, an electron is promoted from wp) (the 
HOMO) to yw * (the LUMO) to form a higher energy electronic configuration, the excited state. 
In the excited state, the HOMO is now w,*. In the photochemical reactions in Section 27.3, 
the reactant is in its excited state. As a result, the HOMO is y;* and the LUMO is w,* for 
1,3-butadiene. 


All conjugated dienes can be described by a set of molecular orbitals that are similar to those 
drawn in Figure 27.2 for 1,3-butadiene. 


For each molecular orbital in Figure 27.2, count the number of bonding interactions (interactions 
between adjacent orbitals of similar phase) and the number of nodes. (a) How do these two values 
compare for a bonding molecular orbital? (b) How do these two values compare for an antibonding 
molecular orbital? 
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27.2. 


1,3,5-Hexatriene 


The three 7 bonds of 1,3,5-hexatriene (CH,=CH-CH=CH-—CH=CH,) are formed by overlap 
of six p orbitals on six adjacent carbons. As shown in Figure 27.3, six p orbitals can combine in 
six different ways to form six molecular orbitals designated as y,—\¢. Three are bonding molecu- 
lar orbitals (yw ;—W3), and three are antibonding molecular orbitals (w4*—ye*). 


Figure 27.3 The six x molecular orbitals of 1,3,5-hexatriene | Ground state | | Excited state | 


oe E 
OOU 
(5 nodes) 
a as 
Ws* — excited state LUMO 
é + (4 nodes) ô é 
ô d e H ground state LUMO 
mths es / 
nodes 


wr excited state HOMO 


p atomic orbital 


Problem 27.3 


Problem 27.4 


4 
4 
= aR aR rà 
è-d ð Bk: state HOMO 
ba nodes) 


‘ey 
644 i woth + 


(1 node) 


(0 nodes) 


In the ground state electronic configuration, the six 7 electrons occupy the three bonding MOs, 
W3 is the HOMO, and wy* is the LUMO. In the excited state, which results from promotion of an 
electron from w3 to Wy*, W4* is the HOMO and w,* is the LUMO. 


(a) Using Figure 27.2 as a guide, draw the molecular orbitals for 2,4-hexadiene. (b) Label the HOMO 
and the LUMO in the ground state. (c) Label the HOMO and the LUMO in the excited state. 

(a) How many x molecular orbitals are present in 1,3,5,7,9-decapentaene 
(CHs=CH-CH=CH-CH=CH-CH=CH-CH=CHs)? (b) How many are bonding MOs and how 
many are antibonding MOs? (c) How many nodes are present in y4? (d) How many nodes are 
present in io"? 


27.3 


Arrows may be drawn ina 
clockwise or counterclockwise 
direction to show the flow of 
electrons. 


Problem 27.5 


27.3A 
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Electrocyclic Reactions 


An electrocyclic reaction is a reversible reaction that involves ring closure of a conjugated 
polyene to a cycloalkene, or ring opening of a cycloalkene to a conjugated polyene. For 
example, ring closure of 1,3,5-hexatriene forms 1,3-cyclohexadiene, a product with one more © 
bond and one fewer n bond than the reactant. Ring opening of cyclobutene forms 1|,3-butadiene, 
a product with one fewer o bond and one more x bond than the reactant. 


Hene O A 
Ring-closing reaction | E -i ~«— new o bond 
LY 


1,3,5-hexatriene 1,3-cyclohexadiene 


C 


1,3-butadiene 


+ 


cyclobutene 


| Ring-opening reaction | 


e To draw the product in each reaction, use curved arrows and begin at a r bond. Move 
the x electrons to an adjacent carbon-carbon bond and continue in a cyclic fashion. 


In a ring-forming reaction, this process forms a new o bond that now joins the ends of the con- 
jugated polyene. In a ring-opening reaction, this process breaks a o bond to form a conjugated 
polyene with one more 7 bond. 


Whether the reactant or product predominates at equilibrium depends on the ring size of the 
cyclic compound. Generally, a six-membered ring is favored over an acyclic triene at equilibrium. 
In contrast, an acyclic diene is favored over a strained four-membered ring. 


Use curved arrows and draw the product of each electrocyclic reaction. 


`" A 


b: _A , C. al it D 
Era 


a. || 


Stereochemistry and Orbital Symmetry 


Electrocyclic reactions are completely stereospecific. For example, ring closure of (2E,4Z,6E)- 
2,4,6-octatriene yields a single product with cis methyl groups on the ring. Ring opening of cis- 
3,4-dimethylcyclobutene forms a single conjugated diene with one Z alkene and one E alkene. 


| CHa a ot” aa 
A ~Oh CH, “CHa 


(2E,4Z,6E)-2,4,6-octatriene cis-5,6-dimethyl-1 ,3-cyclohexadiene NOT formed 
| cis product only 
CH; CH3 
CH3 
A on a 
SH NS 
CH3 
cis-3,4-dimethylcyclobutene (2E,4Z)-2,4-hexadiene CH3 
| (2E,4Z) diene only NOT formed 
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Electrocyclic ring closure 
generally forms either an 
achiral meso compound or a 


mixture of chiral enantiomers. 


When enantiomers form, only 
one enantiomer is drawn in 
these reactions. 


Moreover, the stereochemistry of the product of an electrocyclic reaction depends on whether 
the reaction is carried out under thermal or photochemical reaction conditions—that is, with heat 
or light, respectively. Cyclization of (2E,4E)-2,4-hexadiene with heat forms a cyclobutene with 
trans methyl groups, whereas cyclization with light forms a cyclobutene with cis methyl groups. 


3 


CH 
A - 
m | trans product only 
CH3 uA 4 
CH3 
me + enantiomer 
SS 
CH3 
CH3 ii e n 
_ cis product only © 
CH 


(2E,4E)-2,4-hexadiene 
3 


To understand these results, we must focus on the HOMO of the acyclic conjugated polyene that 
is either the reactant or product in an electrocyclic reaction. In particular, we must examine the p 
orbitals on the terminal carbons of the HOMO, and determine whether like phases of the orbitals 
are on the same side or on opposite sides of the molecule. 


like phases on the same side like phases on opposite sides 


e An electrocyclic reaction occurs only when like phases of orbitals can overlap to form a 
bond. Such a reaction is symmetry allowed. 


e An electrocyclic reaction cannot occur between lobes of opposite phase. Such a 
reaction is symmetry forbidden. 


To form a bond, the p orbitals oii the terminal carbuus musi roiaie so that iike phases can interact 
to form the new o bond. Two modes of rotation are possible. 


e When like phases of the p orbitals are on the same side of the molecule, the two 
orbitals must rotate in opposite directions—one clockwise and one counterclockwise. 
Rotation in opposite directions is said to be disrotatory. 


K ` disrotatory C X 


ô; Ó — 
Jim. 
counterclockwise clockwise new o bond 


e When like phases of the p orbitals are on opposite sides of the molecule, the two 
orbitals must rotate in the same direction—both clockwise or both counterclockwise. 
Rotation in the same direction is said to be conrotatory. 


conrotatory É X 
— 


wag aen 


we 


clockwise clockwise new o bond 
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27.3B Thermal Electrocyclic Reactions 


Only the p orbitals on the 
terminal carbons of the HOMO 
are drawn for clarity. 


The conrotatory ring closure of 
(2E, 4E)-2,4-hexadiene is drawn 
with two clockwise rotations. 
The conrotatory ring closure 
could also be drawn with two 
counterclockwise rotations, 
leading to the enantiomer of 
the trans product drawn. Both 
enantiomers are formed in 
equal amounts. 


To explain the stereochemistry observed in electrocyclic reactions, we must examine the sym- 
metry of the molecular orbital that contains the most loosely held x electrons. In a thermal reac- 
tion, we consider the HOMO of the ground state electronic configuration. Rotation occurs in 
a disrotatory or conrotatory fashion so that like phases of the p orbitals on the terminal carbons 
of this molecular orbital combine. 


e The number of double bonds in the conjugated polyene determines whether rotation is 
conrotatory or disrotatory. 


Two examples illustrate different outcomes. 


Thermal electrocyclic ring closure of (2E,4Z,6£)-2,4,6-octatriene yields a single product with cis 
methyl groups on the ring. 


— A 
Zy disrotatory 
HH R. 
cH Gch; CH, CH, 


counterclockwise clockwise cis-5,6-dimethyl-1 ,3-cyclohexadiene 


ground state HOMO of cis product 
(2E,4Z,6E)-2,4,6-octatriene 


Cyclization occurs in a disrotatory fashion because the HOMO of a conjugated triene has like 
phases of the outermost p orbitals on the same side of the molecule (Figure 27.3). A disrotatory 
ring closure is symmetry allowed because like phases of the p orbitals overlap to form the new 
o bond of the ring. In the disrotatory ring closure, both methyl groups are pushed down (or up), 
making them cis in the product. 


This is a specific example of the general process observed for conjugated polyenes with an odd 
number of t bonds. The HOMO of a conjugated polyene with an odd number of z bonds has like 
phases of the outermost p orbitals on the same side of the molecule. As a result: 


e Thermal electrocyclic reactions occur in a disrotatory fashion for a conjugated polyene 
with an odd number of n bonds. 


In contrast, thermal electrocyclic ring closure of (2E,4E)-2,4-hexadiene forms a cyclobutene with 
trans methyl groups. 


— ~ CH3 H 
oN a = j 
CHg Hog Chs ert + enantiomer 
ROS R z H CH3 
clockwise clockwise trans-3,4-dimethylcyclobutene 
ground state HOMO of trans product 


(2E,4E)-2,4-hexadiene 


Cyclization occurs in a conrotatory fashion because the HOMO of a conjugated diene has like 
phases of the outermost p orbitals on opposite sides of the molecule (Figure 27.2). A conrotatory 
ring closure is symmetry allowed because like phases of the p orbitals overlap to form the new 
© bond of the ring. In the conrotatory ring closure, one methyl group is pushed down and one 
methyl group is pushed up, making them trans in the product. 


This is a specific example of the general process observed for conjugated polyenes with an even 
number of = bonds. The HOMO of a conjugated polyene with an even number of n bonds has 
like phases of the outermost p orbitals on opposite sides of the molecule. As a result: 


e Thermal electrocyclic reactions occur in a conrotatory fashion for a conjugated polyene 
with an even number of n bonds. 
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Since electrocyclic reactions are reversible, electrocyclic ring-opening reactions follow the same 
rules as electrocyclic ring closures. Thus, thermal ring opening of cis-3,4-dimethylcyclobutene— 
which ring opens to a diene with an even number of 7 bonds—occurs in a conrotatory fashion to 
form (2F,4Z)-2,4-hexadiene as the only product. 


CH3 — Z CH; 
Ke AL YN 
conrotator CHa Nu CHs ð į 
H => H y 3 
counterclockwise counterclockwise 
cis-3,4-dimethylcyclobutene (2E,4Z )-2,4-hexadiene 


Sample Problem 27.1 Draw the product of each thermal electrocyclic ring closure. 


CH3 
a. | E as b. E aa EN ate 
CH, 
(2E,4Z,6Z)-2,4,6-octatriene B 
Solution 


Count the number of n bonds in the conjugated polyene to determine the mode of ring closure in a 
thermal electrocyclic reaction. 


e A conjugated polyene with an odd number of n bonds undergoes disrotatory cyclization. 
e A conjugated polyene with an even number of r bonds undergoes conrotatory cyclization. 


a. (2E,4Z,6Z)-2,4,6-Octatriene contains three n bonds. The HOMO of a conjugated polyene with 
an odd number of m bonds has like phases of the outermost p orbitals on the same side of the 
molecule, and this results in disrotatory cyclization. 


+ enantiomer 
Jou ee S Ha >, 
=e D CH3 


Oha 
counterclockwise clockwise trans-5,6-dimethyl-1,3-cyclohexadiene 
(2E,4Z,6Z)-2,4,6-octatriene trans product 


b. Diene B contains two m bonds. The HOMO of a conjugated polyene with an even number of 7 
bonds has like phases of the outermost p orbitalis on opposite sides of the molecule, and this 
results in conrotatory cyclization. 


= = CH,02C H 
CH 3020 A H CO.CH, —_- Oa + enantiomer 
conrotator 
aa ” H CO,CH, 


clockwise clockwise 
B trans product 


Problem 27.6 What product is formed when each compound undergoes thermal electrocyclic ring opening 
or ring closure? Label each process as conrotatory or disrotatory and clearly indicate the 
stereochemistry around tetrahedral stereogenic centers and double bonds. 

CeHs 


i 
a. | b. | 
ZA 


CeHs 


Problem 27.7 What cyclic product is formed when each decatetraene undergoes thermal electrocyclic ring closure? 
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27.3C Photochemical Electrocyclic Reactions 


Photochemical electrocyclic reactions follow similar principles as those detailed in thermal 
reactions with one important difference. In photochemical reactions, we must consider the 
orbitals of the HOMO of the excited state to determine the course of the reaction. As a 
photon is absorbed, an electron in the ground state HOMO is excited to the ground state LUMO. 
As a result, the excited state HOMO is one energy level higher than before (see Figures 27.2 and 
27.3). The excited state HOMO has the opposite orientation of the outermost p orbitals compared 
to the HOMO of the ground state. As a result, the method of ring closure of a photochemical 
electrocyclic reaction is opposite to that of a thermal electrocyclic reaction for the same 
number of 7 bonds. 


Photochemical electrocyclic ring closure of (2E,4Z,6E)-2,4,6-octatriene yields a cyclic product 
with trans methyl groups on the ring. 


Ay 3 
— + enantiomer 
conrotatory ` > 


H CH3 
clockwise clockwise trans-5,6-dimethyl-1,3-cyclohexadiene 
excited state HOMO of trans product 


(2E,4Z,6E )-2,4,6-octatriene 


Cyclization occurs in a conrotatory fashion because the excited state HOMO of a conjugated 
triene has like phases of the outermost p orbitals on the opposite sides of the molecule (Figure 
27.3). In the conrotatory ring closure, one methyl group is pushed down and one methyl group is 
pushed up, making them trans in the product. This is a specific example of the general process 
observed for conjugated polyenes with an odd number of m bonds. 


e Photochemical electrocyclic reactions occur in a conrotatory fashion for a conjugated 
polyene with an odd number of n bonds. 


Photochemical electrocyclic ring closure of (2F,4F)-2,4-hexadiene forms a cyclobutene with cis 


methyl groups. 
ss eS CH, _ CH, 
eS = eee 
2 H H 3 disrotatory 
ms wa H H 
clockwise counterclockwise cis-3,4-dimethylcyclobutene 
excited state HOMO of cis product 


(2E,4E )-2,4-hexadiene 


Cyclization occurs in a disrotatory fashion because the excited state HOMO of a conjugated 
diene has like phases of the outermost p orbitals on the same side of the molecule (Figure 27.3). 
In the disrotatory ring closure, both methyl groups are pushed down (or up), making them cis in 
the product. This is a specific example of the general process observed for conjugated polyenes 
with an even number of 7 bonds. 


e Photochemical electrocyclic reactions occur in a disrotatory fashion for a conjugated 
polyene with an even number of t bonds. 
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Problem 27.8 


Vitamin D (Problem 27.9) 
regulates calcium absorption, 
so adequate vitamin D levels 
are needed for proper bone 
growth. Vitamin D-fortified milk 
sold in the United States is 
produced by exposing milk to 
ultraviolet light. 


Sample Problem 27.2 


Hg) ya 


trans CH3 groups 


What product is formed when each compound in Problem 27.6 undergoes photochemical 
electrocyclic ring opening or ring closure? Label each process as conrotatory or disrotatory and 
clearly indicate the stereochemistry around tetrahedral stereogenic centers and double bonds. 


< Vitamin Dg, the most abundant of the D vitamins, is synthesized from 
7- ieee oaii: a compound found in milk and fatty fish such as salmon and mackerel. 
When the skin is exposed to sunlight, a photochemical electrocyclic ring opening forms provitamin 
D3, which is then converted to vitamin D3 by a sigmatropic rearrangement (Section 27.5). Draw the 
structure of provitamin D3. 


t 


= vitamin Dg 


7-dehydrocholesterol 


27.3D Summary of Electrocyclic Reactions 


Table 27.1 summarizes the rules, often called the Woodward—Hoffmann rules, for electrocyclic 
reactions under thermal or photochemical reaction conditions. The number of n bonds refers to 
the acyclic conjugated polyene that is either the reactant or product of an electrocyclic reaction. 


Tabie Zz Woodward-Hoffmann Rules for Electrocyclic Reactions a 
umber of a ongs Tharmai ened ji Fipo SAEIA EGT 
Even Conrotatory Disrotatory 
Odd Disrotatory Conrotatory 


Identify A and B in the following reaction sequence. Label each process as conrotatory or 
disrotatory. 
CsHs CH3 
iii A hv 
— + A —=— > B 
CeHs "CHa 
Solution 


Ring opening of a cyclohexadiene forms a hexatriene with three n bonds. A conjugated polyene 
with an odd number of n bonds undergoes a thermal electrocyclic reaction in a disrotatory fashion 
(Table 27.1). The resulting hexatriene (A) then undergoes a photochemical electrocyclic reaction in 
a conrotatory fashion to form a cyclohexadiene with cis methyl groups (B). 


CeHs CeHs CH5 CgHs CgHs CsHs CgHs 
A — hv 
disrotatory A conrotatory KA BS 
H CH aw ~a l g 
o CHy a à 
hy CH3 CH; 
A excited state HOMO B 


cis CH3 groups 
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Problem 27.10 Draw the product formed when each triene undergoes electrocyclic reaction under [1] thermal 
conditions; [2] photochemical conditions. 


Problem 27.11 What product would be formed by the disrotatory cyclization of the given triene? Would this 
reaction occur under photochemical or thermal conditions? 


27.4 Cycloaddition Reactions 


A cycloaddition is a reaction between two compounds with 7 bonds to form a cyclic product 
with two new o bonds. Like electrocyclic reactions, cycloadditions are concerted, stereospecific 
reactions, and the course of the reaction is determined by the symmetry of the molecular orbitals 
of the reactants. 


Cycloadditions can be initiated by heat (thermal conditions) or light (photochemical conditions). 
Cycloadditions are identified by the number of 7 electrons in the two reactants. 


The Diels-Alder reaction is a thermal [4 + 2] cycloaddition that occurs between a diene with 
four m electrons and an alkene (dienophile) with two n electrons (Sections 16.12-16.14). 


CO,CH COCH 
A A aes o's 
| ó Te á, 
[4 + 2] Cycloaddition A | 


CO2CH3 CO,CH3 
diene dienophile Diels-Alder product 
4n 27 


(new o bonds shown in red) 
electrons electrons 

A photochemical [2 + 2] cycloaddition occurs between two alkenes, each with two 7 electrons, 

to form a cyclobutane. Thermal [2 + 2] cycloadditions do not take place. 


oO 
ea C Y ng 
2 + 2] Cycloaddition II 
[2 + 2] Cy } ap O 
O 
2n 


H O 


HO 
2n 
electrons electrons (new o bonds shown in red) 


en i 
Sample Problem 27.3 What type of cycloaddition is shown in each equation? 


a. Q + CH=CH; ——> [T > » + CH=CH; ——> a 
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Solution 
Count the number of 7 electrons involved in each reactant to classify the cycloaddition. 


a. [2 + 2] Cycloaddition b. [4 + 2] Cycloaddition 
—O—m| 6%- A 
Ey CH, A 

SN 
2m 2n 4n 27 
electrons electrons electrons electrons 


Problem 27.12 Consider cycloheptatrienone and ethylene, and draw a possible product formed from each type of 
cycloaddition: (a) [2 + 2]; (b) [4 + 2]; (c) [6 + 2]. 


= 
| O + CH=CH; 
sad 
cycloheptatrienone 


27.4A Orbital Symmetry and Cycloadditions 


To understand cycloaddition reactions, we examine the p orbitals of the terminal carbons of both 
reactants. Bonding can take place only when like phases of both sets of p orbitals can combine. 
Two modes of reaction are possible. 


e A suprafacial cycloaddition occurs when like phases of the p orbitals of both reactants 
are on the same side of the n system, so that two bonding interactions result. 


an TN 
| formation Y } LE, 


e An antarafacial cycloaddition occurs when one z system must twist to align like phases 
of the p orbitals of the terminal carbons of the reactants. 


by like phases on 180° twist d A 


opposite sides 777777 jë \ ) 


Antarafacial bond 
formation ( 


Because of the geometrical constraints of small rings, cycloadditions that form four- or six- 
membered rings must take place by suprafacial pathways. 


Since cycloaddition involves the donation of electron density from one reactant to another, one 
reactant donates its most loosely held electrons—those occupying its HOMO—to a vacant orbital 
that can accept electrons—the LUMO—of the second reactant. The HOMO of either reactant 
can be used for analysis. 


e In a cycloaddition we examine the bonding interactions of the HOMO of one 
component with the LUMO of the second component. 


27.4B 


In Section 16.13, we learned 
that the stereochemistry of the 
dienophile is retained in the 
Diels-Alder product. 


Reserpine (Problem 27.15) 

is isolated from the roots of 
Rauwolfia serpentina, a plant 
used for centuries in traditional 
Indian medicine for the 
treatment of mental disorders 
and venomous bites. 


Z N 
w So k CHE ÒH ng Cts CH3, CHs 
1 = 1 k 
1] Maca all suprafacial H H 
’ 4 
CHa H 
a 
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[4 + 2] Cycloadditions 


To examine the course of a [4 + 2] cycloaddition, let’s arbitrarily choose the HOMO of the diene 
and the LUMO of the alkene, and look at the symmetry of the p orbitals on the terminal carbons 
of both components. Since two bonding interactions result from overlap of the like phases of 
both sets of p orbitals, a [4 + 2] cycloaddition occurs readily by suprafacial reaction under 
thermal conditions. 


ground state HOMO of the diene 


Vv XY 


3 N A ` 
RS i ; a suprafacial ( 


Thermal [4 + 2] 
cycloaddition 


ê b 


ground state LUMO of the alkene 


4 


two new o bonds 


This is a specific example of a general cycloaddition involving an odd number of 7 bonds (three 
wt bonds total, two from the diene and one from the alkene). 


e Thermal cycloadditions involving an odd number of n bonds proceed by a suprafacial 
pathway. 


Because a Diels—Alder reaction follows a concerted, suprafacial pathway, the stereochemistry of 
the diene is retained in the Diels-Alder product. As a result, reaction of (2E,4E)-2,4-hexadiene 
with ethylene forms a cyclohexene with cis substituents (Reaction [1]), whereas reaction of 
(2E,4Z)-2,4-hexadiene with ethylene forms a cyclohexene with trans substituents (Reaction [2]). 


cis product only 


H CHy “x 
H CHa 
+ enantiomer 


trans product only 


a 7° 
ê ù 


(2E,4E)-2,4-hexadiene 


suprafacial 


3? 0H CH; A 
a. Se 
“_¥ 
é ô 


(2E,4Z )-2,4-hexadiene 


Problem 27.13 Show that a thermal suprafacial addition is symmetry allowed in a [4 + 2] 
cycloaddition by using the HOMO of the alkene and the LUMO of the diene. 


Problem 27.14 Draw the product (including stereochemistry) formed from each pair of 
reactants in a thermal [4 + 2] cycloaddition reaction. 


CN 

Ws 
a ONZE eS + OCHE= CHE Nadia: $ = 
CN 


Problem 27.15 (a) Draw the product of the following [4 + 2] cycloaddition, which was carried 
out in the early stages of the synthesis of the alkaloid reserpine (Problem 22.91). Indicate the 
stereochemistry at any newly formed stereogenic centers. (b) Draw the p orbitals of the alkene and 
the terminal carbons of the conjugated diene, and show how the orientation of the reactants and 
orbital overlap lead to the observed stereochemistry. 


A 
whe + uns i 
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27.4C 


Problem 27.16 


27.4D 


[2 + 2] Cycloadditions 


In contrast to a [4 + 2] cycloaddition, a [2 + 2] cycloaddition does not occur under thermal condi- 
tions, but does take place photochemically. This result is explained by examining the symmetry 
of the HOMO and LUMO of the alkene reactants. 


In a thermal [2 + 2] cycloaddition, like phases of the p orbitals on only one set of terminal carbons 
can overlap. For like phases to overlap on the other terminal carbon, the molecule must twist to 
allow for an antarafacial pathway. This process cannot occur to form small rings. 


ground state HOMO of one alkene 


| Thermal [2+ 2] 8 è like phases on opposite sides 


_ cycloaddition ( 
aiia J ta x 
46 


LUMO of the second alkene 


In a photochemical [2 + 2] cycloaddition, light energy promotes an electron from the ground 
state HOMO to form the excited state HOMO (designated as w>* in Figure 27.1). Interaction 
of this excited state HOMO with the LUMO of the second alkene then allows for overlap of the 
like phases of both sets of p orbitals. Two bonding interactions result and the reaction occurs by 
a suprafacial pathway. 


excited state HOMO of one alkene 


y 9 


age a rere 
cycloaddition suprafacial 


4 


“two new o bonds’ 


j A | 
Photochemical [2 + 2] _ ( 43 j hy 
| : 3 


LUMO of the second alkene 


This is a specific example of a general cycloaddition involving an even number of = bonds (two 
T bonds total, one from each alkene). 


e Photochemical cycloadditions involving an even number of x bonds proceed by a 
Suprafacial pathway. 


Draw the product formed in each cycloaddition. 


a. ce >s + j —D. b. + CH=CH, aa Wwe 


CN 


Summary of Cycloaddition Reactions 


Table 27.2 summarizes the Woodward—Hoffmann rules that govern cycloaddition reactions. The 
number of 7 bonds refers to the total number of bonds from both components of the cycload- 
dition. For a given number of = bonds, the mode of cycloaddition is always opposite in thermal 
and photochemical reactions. 


Problem 27.47 


Problem 27.18 


27.5 


Sample Problem 27.4 
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a 


Table 27.2 Woodward-Hoffmann Rules for Cycloaddition Reactions 


Number of x bonds Thermal reaction Photschemical reaction 
Even Antarafacial Suprafacial 
Odd Suprafacial Antarafacial 


Using the Woodward-Hoffmann rules, predict the stereochemical pathway for each cycloaddition: 
(a) a [6 + 4] photochemical reaction; (b) an [8 + 2] thermal reaction. 


Using orbital symmetry, explain why a Diels-Alder reaction does not take place under 
photochemical reaction conditions. 


Sigmatropic Rearrangements 


A sigmatropic rearrangement is an intramolecular pericyclic reaction in which a o bond is 
broken in a reactant, the r bonds rearrange, and a new o bond is formed in the product. In 
a sigmatropic rearrangement, the number of 7 bonds in the reactant and product is constant, and 
the o bonds broken and formed are allylic C-H, C-C, or C-Z bonds (Z = N, O, or S). A sig- 
matropic rearrangement that results in cleavage and formation of a C-H bond is shown. 


| A sigmatropic CH a 
| rearrangement _ — 3 ; y no bond 
| Cleave this o bond. H 


1 x bond 1 x bond 


Sigmatropic rearrangements are characterized by a set of numbers in brackets, [n,m], to indi- 
cate the location of the new o bond relative to the broken o bond. To designate a sigmatropic 
rearrangement: 


e Locate the o bond broken in the reactant and label both atoms in the bond with “1’s.” 

e Locate the new o bond in the product, and count the number of atoms from the broken 
o bond to the new o bond for each fragment. 

e Place both numbers in brackets, with the lower number first. In a rearrangement 
involving a C-H bond, the first number is always “1.” 


For example, a [3,3] sigmatropic rearrangement converts diene A into diene B when an allylic 
C-C bond in A is broken and a new allylic C-C bond is formed in B. 


| A [3,3] sigmatropic rearrangement | 


2 2 
<3 I7 Ne 
o bond broken——+ ¢ —_ ~«—— o bond formed 
1 3 TO 3 
2 2 
B 


A 


What type of sigmatropic rearrangement is illustrated in each equation? 


Ç=- Oa - OU 


D 
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Problem 27.19 


27.5A 


Solution 

Locate the atoms in the broken o bond and label them with 1’s. Locate the atoms in the new o 
bond, and count the number of atoms from the bond broken to the bond formed. When a C-H 
bond is broken, the first number in the [n,m] designation must be 1, since the H atom is bonded to 
no other atom. 


a. A C-H bond is broken on the allylic C and a new C-H bond is formed on C5, so the reaction is 


a [1,5] sigmatropic rearrangement. 


5 new o bond 
4 yH’ 
— 
31 
2 
D o bond broken 


b. The reaction is a [3,3] sigmatropic rearrangement, because a C—O o bond is broken and a 


new allylic C-C o bond is formed between carbons that are three atoms removed from the 
broken bond. 
a bond broken 


rf - Oy 


new ( a 


What type of sigmatropic rearrangement is illustrated in each equation? 


de-l ooc-—- ooo 


Sigmatropic Rearrangements and Orbital Symmetry 


The stereochemistry of a sigmatropic rearrangement, like that of other pericyclic reactions, is 


determined by the symmetry of the orbitals involved in the reaction. In sigmatropic rearrange- 
ments, we consider the orbitals of the o bond that is broken and the terminal p orbital of the 7 
bond at which the new o bond forms. Two modes of rearrangement are possible: suprafacial 
and antarafacial. 


e In a suprafacial rearrangement, the new c bond forms on the same side of the x 
system as the broken o bond. 


o bond E 


e In an antarafacial rearrangement, the new o bond forms on the opposite side of the x 


system as the broken o bond. 
Antarafacial 
rearrangement 
à _ 


| 
a The new bond is formed - bond formed 


Suprafacial ’ 
rearrangement © bond formed 
d 


The new bond is formed 
on the same side. 


c bond broken —> 
on the opposite side. 


a 


Sample Problem 27.5 
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Sigmatropic rearrangements can occur under thermal or photochemical conditions, and 
follow the same rules observed in cycloaddition reactions. With sigmatropic rearrangements 
we count the total number of electron pairs in the o bond that is broken and the m bonds that 
rearrange (Table 27.3), Because sigmatropic rearrangements involve cyclic transition states and 
small rings have geometrical constraints, reactions involving six atoms or fewer must take 
place by suprafacial pathways. 


Table 27.3 Woodward-Hoffmann Rules for Sigmatropic Rearrangements — | 


Number of electron pairs Thermal reaction Photochemical reaction 
Even Antarafacial Suprafacial 
Odd Suprafacial Antarafacial 


For example, a [1,5] sigmatropic rearrangement of X to Y involves three electron pairs, one from 
the c bond that is broken and two from the x bonds that rearrange. 


AR y [1,5] rearrangement 
A 2 
— 
thermal, 3 A H 
suprafacial reaction 4 D 
3 electron pairs Y 
(in red) 
X 


According to Table 27.3, this reaction must occur in a suprafacial mode under thermal conditions 
and in an antarafacial mode under photochemical conditions. Since this reaction involves only 
six atoms (including the H atom that migrates), it must take place under thermal conditions in a 
suprafacial fashion. 

Classify the following sigmatropic rearrangement and determine whether it takes place readily 

under thermal or photochemical reaction conditions. 


Solution 


First, classify the rearrangement as in Sample Problem 27.4: Label the atoms in the broken o 
bond with 1’s, locate the new o bond, and count the number of atoms from the bond broken 

to the bond formed. Then, count the number of electron pairs involved in the reaction, and use 
Table 27.3 to determine the stereochemical pathway of the reaction. Keep in mind that reactions 
involving six atoms or fewer must take place by suprafacial pathways. 


[1,3] Sigmatropic rearrangement 


2 3 2_3 „new o bond 
The reaction involves H! 
1 two electron pairs. 


o bond broken 


This reaction is a [1,3] sigmatropic rearrangement, involving two electron pairs: the C-H o bond 
broken and one x bond. Since the reaction involves four atoms, it must take place via a suprafacial 
pathway, which occurs under photochemical conditions. 
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Probiem 27.20 (a) What product is formed from the [1,7] sigmatropic rearrangement of a deuterium in the 
following triene? (b) Does this reaction proceed in a suprafacial or antarafacial manner under 
thermal conditions? (c) Does this reaction proceed in a suprafacial or antarafacial manner under 
photochemical conditions? 


27.5B [3,3] Sigmatropic Rearrangements 


Two widely used [3,3] sigmatropic rearrangements in organic synthesis are the Cope rearrange- 
ment of a 1,5-diene to an isomeric 1,5-diene, and the Claisen rearrangement of an unsaturated 
ether to a y,6-unsaturated carbonyl compound. 


Cope rearrangement | 
TPS A a 
o bond broken = G — A «—— o bond formed 


1,5-diene isomeric 1,5-diene 


Claisen rearrangement | 


bond brok _ £8 à a bond fi d 
o bond broken > > +— o bond forme 
OY Ox 


unsaturated ether y,6-unsaturated carbonyl compound 


Both reactions involve three electron pairs—two m bonds and one 6 bond—and six atoms, and 
take place readily in a suprafacial pathway under thermal conditions. 


Cope Rearrangement 


Since a Cope rearrangement involves isomeric 1,5-dienes as reactant and product, the more stable 
diene is favored at equilibrium. Useful Cope rearrangements occur when the reactant 1,5-diene 
is considerably less stable than the product, as in the case of cis-1,2-divinylcyclobutane, which 
rearranges to 1,5-cyclooctadiene with loss of strain from the cyclobutane ring. 


H 
strained four-membered m— I _A, C) 
A 


cis-1,2-divinylcyclobutane 1,5-cyclooctadiene 


The oxy-Cope rearrangement is an especially powerful variation of a Cope rearrangement using 
an unsaturated alcohol. [3,3] Sigmatropic rearrangement forms an enol initially, which then tau- 
tomerizes to form a carbonyl group. 


—— 2 
oxy-Cope HON, ON A HO A o. 
| rearrangement — qee 
- 1 3 [3,3] SS we 
2 


tautomerization 


OH group at C3 enol carbonyl compound 


Example | ‘ A OH fe) 
ea OH Bal = 
Gh tautomerization 


f 
i 


HO. Z 


E4 


Problem 27.21 


Problem 27.22 


Anionic oxy-Cope 
rearrangement 
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Moreover, anionic oxy-Cope rearrangements often give high yields of rearranged product 
under very mild reaction conditions. In an anionic oxy-Cope rearrangement, the unsaturated alco- 
hol reactant is first treated with strong base, usually KH in the presence of 18-crown-6 (Section 
9.5B), to form an alkoxide. [3,3] Sigmatropic rearrangement then yields a resonance-stabilized 
enolate, which is protonated to form a carbonyl product. 


Q 
KH ONS 
18-crown-6 2 la 7 3] protonation 


alkoxide resonance-stabilized enolate 


What product is formed from the Cope or oxy-Cope wn of each starting material? 


ews 


One step in the synthesis of periplanone B, the chapter-opening molecule, involved anionic 
oxy-Cope rearrangement of the following unsaturated alcohol. Draw the product that results 
after protonation of the intermediate enolate. 


HO 


Claisen Rearrangement 


A Claisen rearrangement is a [3,3] sigmatropic rearrangement of an unsaturated ether, 
either an allyl vinyl ether or an allyl aryl ether. With an allyl vinyl ether, a y,5-unsaturated 
carbonyl compound is formed directly by the concerted rearrangement. With an allyl aryl ether, 
Claisen rearrangement initially generates a cyclohexadienone intermediate, which tautomerizes 
to a phenol that contains an allyl group ortho to the OH group. 


=09 = 


allyl vinyl ether y, unsaturated carbonyl compound 
oO OH 
re 
= 3 | = > | +— allyl group 
Ba” l tautomerization ortho to the OH 
allyl aryl ether cyclohexadienone phenol 


Problem 27.23 


What product is formed from the Claisen rearrangement of each starting material? 


LAI AAS EO 
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Garsubellin A (Problem 27.24) 

is isolated from the wood of 

Garcinia subelliptica, a tree 

grown in Okinawa, Japan. RO 


(a) What product is formed by the Claisen rearrangement of compound Z? (b) Using what you 
have learned about ring-closing metathesis in Chapter 26, draw the product formed when the 
product in part (a) is treated with Grubbs catalyst. These two reactions are key steps in the 
synthesis of garsubellin A, a biologically active natural product that stimulates the synthesis of 
the neurotransmitter acetylcholine. Compounds of this sort may prove to be useful drugs for the 
treatment of neurodegenerative diseases such as Alzheimer’s disease. 


Z garsubellin A 


27.6 Summary of Rules for Pericyclic Reactions 


Table 27.4 summarizes the rules that govern pericyclic reactions, and in truth, this table holds 
a great deal of information. To keep track of this information, it may be helpful to learn one 
row in the table only, and then note the result when one or more conditions change. For 
example, 


e A thermal reaction involving an even number of electron pairs is conrotatory or 
antarafacial. 

e If one of the reaction conditions changes —either from thermal to photochemical or 
from an even to an odd number of electron pairs—the stereochemistry of the reaction 
changes to disrotatory or suprafacial. 

e If hath reaction conditions change—that is, a photochemical reaction with an odd 


number of electron pairs—the stereochemistry does not change. 


Table 27.4 Summary of the Stereochemical Rules for Pericyclic Reactions a 
Reaction conditions Number of electron pairs Stereochemstry p 
Thermal Even Conrotatory or antarafacial 
Odd Disrotatory or suprafacial 
Photochemical Even Disrotatory or suprafacial 
Odd Conrotatory or antarafacial 


25 Using the Woodward-Hoffmann rules in Table 27.4, predict the stereochemistry of each reaction. 
a. a[6 + 4] thermal cycloaddition 
b. photochemical electrocyclic ring closure of 1,3,5,7,9-decapentaene 
c. a[4 + 4] photochemical cycloaddition 
d. a thermal [5,5] sigmatropic rearrangement 
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KEY CONCEPTS OO 


Pericyclic Reactions 


Electrocyclic Reactions (27.3) 


Woodward-Hoffmann rules for electrocyclic reactions 


Photochemical reaction 


Number of x bonds Thermal reaction 


Conrotatory Disrotatory 


Odd Disrotatory Conrotatory 
Examples 


The stereochemistry of a thermal electrocyclic reaction is opposite to that of a photochemical electrocyclic reaction. 


CHa 
A i ; 5 
rt e A thermal electrocyclic reaction with an even number of x bonds occurs 
CHa Ne in a conrotatory fashion. 
CHg 
ee + enantiomer 
SS 
CH3 
CH3 hy A z , f 
e A photochemical electrocyclic reaction with an even number of n bonds 
(2E,4E)-2,4-hexadiene CH occurs in a disrotatory fashion. 
2 n bonds 3 


Cycloaddition Reactions (27.4) 


Woodward-Hoffmann rules for cycloaddition reactions 


Thermal reaction Photochemical reaction 


Number of n bonds 


Antarafacial Suprafacial 


Antarafacial 


Odd Suprafacial 


Examples 
[1] A thermal [4 + 2] cycloaddition takes place in a suprafacial fashion with an odd number of x bonds. An antarafacial 
photochemical [4 + 2] cycloaddition to form a six-membered ring cannot occur, because of the geometrical constraints of 


forming a six-membered ring. 
A CHa: ‚CH 
CH A $ a 3! OM 3 
s H H CH; suprafacial LX 


+ 
CH=CH; 


cis product only 


[2] A photochemical [2 + 2] cycloaddition takes place in a suprafacial fashion with an even number of z bonds. An antarafacial 
thermal [2 + 2] cycloaddition to form a four-membered ring cannot occur, because of the geometrical constraints of forming a 
four-membered ring. 


Cee felts hv CsHs CeHs 


PTR facial 
if ‘i suprafacia 


t cis product only 
CH=CH3 
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Sigmatropic Rearrangements (27.5) 


Woodward-Hoffmann rules for sigmatropic rearrangements 


Number of electron pairs Thermal reaction Photochemical reaction 


Even Antarafacial 


Odd 


Suprafacial 


Suprafacial Antarafacial 


Examples 
[1] A Cope rearrangement is a thermal [3,3] sigmatropic rearrangement that converts a 1,5-diene into an isomeric 1,5-diene. 


OS A a 
3 £ = S 
1,5-diene isomeric 1,5-diene 


[2] An oxy-Cope rearrangement is a thermal [3,3] sigmatropic rearrangement that converts a 1,5-dien-3-ol into a 6,e-unsaturated 
carbonyl compound, after tautomerization of an intermediate enol. 


HO Q. 
N A * 
¥ [3,3] X 
1,5-dien-3-ol &,e-unsaturated carbonyl compound 


[3] A Claisen rearrangement is a thermal [3,3] sigmatropic rearrangement that converts an unsaturated ether into a y,5-unsaturated 


carbonyl compound. 
cS A a 
QY On 


unsaturated ether y,6-unsaturated carbonyl compound 


PROBLEMS — O 


Problems Using Three-Dimensiona! Models 


27.26 (a) What product is formed when each compound undergoes a thermal electrocyclic ring opening? (b) What product is formed 
when each compound undergoes a photochemical electrocyclic ring opening? 


w V 
s Q- 
S T “ “a 
ores wa.) 
a Ye T pA "> 
oo eo" 
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Types of Pericyclic Reactions 


27.28 


Classify each pericyclic reaction as an electrocyclic reaction, cycloaddition, or sigmatropic rearrangement. Indicate whether the 
stereochemistry is conrotatory, disrotatory, suprafacial, or antarafacial. 


Ore 


ss DH + 2 ~SZ>NCH,CH)),  —4> 


N(CH2CH3)2 


Electrocyclic Reactions 


27.29 


27.30 


27.31 


27.32 


27.33 


27.34 


What product is formed when each compound undergoes thermal electrocyclic ring opening or ring closure? Label each 
process as conrotatory or disrotatory and clearly indicate the stereochemistry around tetrahedral stereogenic centers and 
double bonds. 


en NE 
a. b. 


What product is formed when each compound in Problem 27.29 undergoes photochemical electrocyclic reaction? Label each 
process as conrotatory or disrotatory and clearly indicate the stereochemistry around tetrahedral stereogenic centers and 
double bonds. 


What cyclic product is formed when each decatetraene undergoes photochemical electrocyclic ring closure? 


Draw the product of each electrocyclic reaction. 

a. the thermal electrocyclic ring closure of (2E,4Z,6Z)-2,4,6-nonatriene 

b. the photochemical electrocyclic ring closure of (2F,4Z,6Z)-2,4,6-nonatriene 

c. the thermal electrocyclic ring opening of cis-5-ethyl-6-methyl-1,3-cyclohexadiene 

d. the photochemical electrocyclic ring opening of trans-5-ethyl-6-methyl-1,3-cyclohexadiene 


Consider the following electrocyclic ring closure. Does the product form by a conrotatory or disrotatory process? Would this 
reaction occur under photochemical or thermal conditions? 


Draw the product formed when diene M undergoes disrotatory cyclization. Indicate the stereochemistry at new sp? hybridized 
carbons. Will the reaction occur under thermal or photochemical conditions? 


ene, 
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27.35 (a) What product is formed when triene N undergoes thermal electrocyclic ring closure? (b) What product is formed when triene 
N undergoes photochemical ring closure? (c) Label each process as conrotatory or disrotatory. 


> 
Z 


N 


27.36 The bicyclic alkene P can be prepared by thermal electrocyclic ring closure from cyclodecadiene Q or by photochemical 
electrocyclic ring closure from cyclodecadiene R. Draw the structures of Q and R, and indicate the stereochemistry of the 
process by which each reaction occurs. 


H 


Cycloaddition Reactions 


27.37 What type of cycloaddition occurs in Reaction [1]? Draw the product of a similar process in Reaction [2]. Would you predict that 
these reactions occur under thermal or photochemical conditions? 


(©) 
C6H5 
1 2 
© + M A + O -R 
CeHs 
(6) 


27.38 Draw the product of each Diels-Alder reaction and indicate the stereochemistry at all stereogenic centers. 


[0] [6] 
a, anA +H a e A a + di T g A 


27.39 What cycloaddition products are formed in each reaction? Indicate the stereochemistry of each product. 


a. 2 fF ay b2 Ss 


27.40 What starting materials are needed to synthesize each compound by a thermal [4 + 2] cycloaddition? 
s us Sg 


A C0;CH3 AS „COCH; „COCH; 
* CL A 3 Pi 
7 “COCH; ”“CO,CH3 x *CO,CH, 


27.41 Explain why heating 1,3-butadiene forms 4-vinylcyclohexene but not 1,5-cyclooctadiene. 

27.42 How can X be prepared from a constitutional isomer by a series of [2 + 2] cycloaddition reactions? Interest in molecules that 
contain several cyclobutane rings fused together has been fueled by the discovery of pentacycloanammoxic acid methyl ester, 
a lipid isolated from the membrane of organelles in the bacterium Candidatus Brocadia anammoxidans. The role of this unusual 
natural product is as yet unknown. 


COCH; 


X pentacycloanammoxic acid methyl ester 


Problems 1095 


Sigmatropic Rearrangements 
27.43 What type of sigmatropic rearrangement is illustrated in each reaction? 
y 
O. S 
= AAR c AN scHs = —> AN Gos 


CDH 
b. ca as tt 
D 


27.44 Draw the product of the [3,3] sigmatropic rearrangement of each compound. 


N$ 
if, 
a. Ar b. m Ci 
OH 


27.45 A solution of 5-methyl-1,3-cyclopentadiene rearranges at room temperature to a mixture containing 1-methyl-, 2-methyl-, 
and 5-methyl-1,3-cyclopentadiene. (a) Show how both isomeric products are formed from the starting material by a 
sigmatropic rearrangement involving a C-H bond. (b) Explain why 2-methyl-1,3-cyclopentadiene is not formed directly 
from 5-methyl-1,3-cyclopentadiene by a [1,3] rearrangement. 


27.46 What product is formed from the [5,5] sigmatropic rearrangement of the following unsaturated ether? 


ow 


27.47 Draw structures for A, B, and C in the following reaction sequence and identify the process that converts B to C. 
(0) 


H30* 
“SoH m P ie A _LDA . B ot ay Cc pe, ee COH 


General Pericyclic Reactions 
27.48 What type of pericyclic reaction is illustrated in each reaction? 


DHe + 


27.49 Draw the product formed (including stereochemistry) in each pericyclic reaction. 


a. CHS A c0,CH, + CH=CH; — c. 2 > Ey 


3 A 9 h 
Og Ol 
D D 


27.50 Draw the products of each reaction. 


O O. 
U^- cH, + 
a. n C. E 

HO 
a 
[1] KH, 18-crown-6 hv 
b. Bano d: Z —— Ch 
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Mechanisms 


27.51 When both carbons ortho to the aryl oxygen are not bonded to hydrogen, an allyl aryl ether rearranges to a para-substituted 
phenol. Draw a stepwise mechanism for the following reaction, which contains two [3,3] sigmatropic rearrangements. 


of OH 
ane A 
z 
27.52 Draw a stepwise, detailed mechanism for the following reaction. 
A 
HO H+ 


CHO 


27.53 Show how the following starting material is converted to the given product by a series of two pericyclic reactions. Account for 


the observed stereochemistry. 
H H 
(D i 
H A 


27.54 Show how the following starting material is converted to the given product by a series of two pericyclic reactions. Account for 
the observed stereochemistry. 


SCH, P V4 SCH, 
me + C 2 oO. | | 
OCH, \ ga OCH; 
27.55 Draw a stepwise, detailed mechanism for the following reaction. 
(0) N 
NH, | 
+ aaah shee 
ANF mild acid 
H 
O O 


Chalienge Problems 


27.56 What product is formed by [3,3] sigmatropic rearrangement of the following compound? Clearly indicate the stereochemistry 
around all tetrahedral stereogenic centers. 


27.57 Draw a stepwise mechanism for the Carroll rearrangement, a reaction that prepares a y,6-unsaturated carbonyl compound from 
a B-keto ester and allylic alcohol in the presence of base. 


(9) O (@) 
base 
OH + PAA —> __ ao + CH,CH,0OH + CO 
a OCH,CH, H20 ZA glM2 2 
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27.58 The endiandric acids comprise a group of unsaturated carboxylic acids isolated from a tree that grows in the rain forests 
of eastern Australia. The methyl esters of endiandric acids D and E have been prepared from polyene Y by a series of two 
successive electrocyclic reactions: thermal ring closure of the conjugated tetraene followed by ring closure of the resulting 
conjugated triene. (a) Draw the structures (including stereochemistry) of the methyl esters of endiandric acids D and E. 

(b) The methyl ester of endiandric acid E undergoes an intramolecular [4 + 2] cycloaddition to form the methyl ester of 
endiandric acid A. Propose a possible structure for endiandric acid A. 


CH,0,C 


27.59 [4 + 2] Cycloadditions with o-quinones such as B are often complex because a variety of products are possible. 


a. Draw arrows to illustrate how each product is formed when B reacts with styrene, and label the “diene” and “dienophile” 


components. 
O 
O Q OL _OgHs 
CE An + By, C 
CeHs O 


O 


o-quinone styrene 
B 


b. Draw arrows to illustrate how each product is formed when B reacts with 1,3-butadiene, and label the “diene” and 
“dienophile” components. 


O 0 
Q (0) 
tag ee ena e 
[e) Z 
o-quinone 1,3-butadiene 


c. o-Quinone C reacts with diene D to form heterocycle E by a process that involves a cycloaddition followed by a 
[3,3] sigmatropic rearrangement. Use curved arrows to illustrate how this two-step sequence occurs. E is not formed 
directly from C by a Diels-Alder reaction. 


ö C4Ho | a 
CiHg 5 Dn as 
+ eC A Anoe —— ) 
2CCH3 j 
CH í 


CyHy 


O,CCH, 
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Lactose, a carbohydrate formed from two simple sugars, glucose and galactose, is the principal 
sugar in dairy products, Many individuals, mainly of Asian and African descent, lack adequate 
amounts of the enzyme lactase necessary to digest and absorb lactose. This condition, lactose 
intolerance, is associated with abdominal cramping and recurrent diarrhea, and is precipitated 
by the ingestion of milk and dairy products. Individuals who are lactose intolerant can drink 
lactose-free milk. Tablets that contain the lactase enzyme can also be taken when ice cream or 
other milk products are ingested. In Chapter 28, we learn about the structure, synthesis, and 
properties of carbohydrates like lactose. 
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28.1 


Carbohydrates were given their 
name because their molecular 
formulas could be written 

as C,(H2O),, making them 
hydrates of carbon. 


Carbohydrates such as glucose 
and cellulose were discussed 
in Sections 5.1, 6.4, and 21.17. 


Although the metabolism of 
lipids provides more energy per 
gram than the metabolism of 
carbohydrates, glucose is the 
preferred source when a burst 
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Chapters 28, 29, and 30 discuss biomolecules, organic compounds found in biological 
systems. You have already learned many facts about these compounds in previous chapters while 
you studied other organic compounds having similar properties. In Chapter 10 (Alkenes), for 
example, you learned that the presence of double bonds determines whether a fatty acid is part 
of a fat or an oil. In Chapter 19 (Carboxylic Acids and the Acidity of the O -H Bond), you learned 
that amino acids are the building blocks of proteins. 


Chapter 28 focuses on carbohydrates, the largest group of biomolecules in nature, comprising ~50% 
of the earth’s biomass. Chapter 29 concentrates on proteins (and the amino acids that compose them), 
whereas Chapter 30 explores lipids. These compounds are all organic molecules, so many of the 
same principles and chemical reactions that you have already studied will be examined once again. 
But, as you will see, each class of compound has its own unique features that we must learn as well. 


Introduction 


Carbohydrates, commonly referred to as sugars and starches, are polyhydroxy aldehydes 
and ketones, or compounds that can be hydrolyzed to them. The cellulose in plant stems and 
tree trunks and the chitin in the exoskeletons of arthropods and mollusks are both complex carbo- 
hydrates. Four examples are shown in Figure 28.1. They include not only glucose and cellulose, 
but also doxorubicin (an anticancer drug) and 2'-deoxyadenosine 5'-monophosphate (a nucleotide 
base from DNA), both of which have a carbohydrate moiety as part of a larger molecule. 


Carbohydrates are storehouses of chemical energy. They are synthesized in green plants and algae 
by photosynthesis, a process that uses the energy from the sun to convert carbon dioxide and water 
into glucose and oxygen. This energy is released when glucose is metabolized. The oxidation of glu- 
cose is a multistep process that forms carbon dioxide, water, and a great deal of energy (Section 6.4). 


| 


photosynthesis 


Energy is stored. 


of energy is needed during Glucose synthesis | 655, + 64,90 —/’~ | CHO. | + 60 
exercise. Glucose is water | and metabolism á 2= chlorophyll ES . 
soluble, so it can be quickly a a 
and easily transported through rgy 
the bloodstream to the tissues. metabolism 
Figure 28.1 OH OH OH OH OH ; 
Some-comurinies-of ane oH ANANA ANSANS om 
B-p-glucose cellulose 
most common simple carbohydrate main component of wood 
NH3 
ki ) 
WA 


doxorubicin 
an anticancer drug 


<— carbohydrate 

<— carbohydrate portion 

HoNHe portion 

i 2'-deoxyadenosine 5'-monophosphate 
a nucleotide component of DNA 


These compounds illustrate the structural diversity of carbohydrates. Glucose is the most common 
simple sugar, whereas cellulose, which comprises wood, plant stems, and grass, is the most 
common carbohydrate in the plant world. Doxorubicin, an anticancer drug that has a carbohydrate 
ring as part of its structure, has been used in the treatment of leukemia, Hodgkin’s disease, and 
cancers of the breast, bladder, and ovaries. 2'-Deoxyadenosine 5'-monophosphate is one of the 
four nucleotides that form DNA. 
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28.2 Monosaccharides 


Aunt 


The simplest carbohydrates are called monosaccharides or simple sugars. Monosaccharides 
have three to seven carbon atoms in a chain, with a carbonyl group at either the terminal car- 
bon (C1) or the carbon adjacent to it (C2). In most carbohydrates, each of the remaining carbon 
atoms has a hydroxy group. Monosaccharides are often drawn vertically, with the carbonyl 
group at the top. 


Carbonyl at C1 ~-— aldehyde --~ aldose | 


General structure of çi page on 

a monosaccharide a, Cas Carbonyl at C2---> ketone --—>  ketose | 
C3 ; 
C4 jon on all (or most) other C's 


$ 


¢ Monosaccharides with an aldehyde carbonyl group at C1 are called aldoses. 
¢ Monosaccharides with a ketone carbonyl group at C2 are called ketoses. 


Several examples of simple carbohydrates are shown. D-Glyceraldehyde and dihydroxyacetone 
have the same molecular formula, so they are constitutional isomers, as are D-glucose and 
D-fructose. 


Ja pampes] =_— a | constitutional ` ch 
hbs@sOr scos al Ç=0<— ketone 
CH,OH CHOH 
D-Fructose is almost twice as D-glyceraldehyde dihydroxyacetone 
sweet as normal table sugar an aldose a ketose 
(sucrose) with about the same 
number of calories per gram. aldehyde — =O @H20H 
“Lite” food products use only H= COH C=0<— ketone 
| ame 
nt i much Vee as re HO= Ç= : T HO-G<H 
or the same level of swee’ ness, Pe ee < c H=C~OH 
and so they have fewer calories. | | 
H= Ç ~=OH H= Ç —=OH 
CHOH CHOH 
D-glucose D-fructose 
an aldose a ketose 


Dihydroxyacetone is the active 
ingredient in many artificial’ 
tanning agents. 


(the most common simple sugar) 


All carbohydrates have common names. The simplest aldehyde, glyceraldehyde, and the simplest 
ketone, dihydroxyacetone, are the only monosaccharides whose names do not end in the suffix 
-ose, (The prefix “p-” is explained in Section 28.2C.) 


A monosaccharide is called: 


e atriose if it has 3 C’s; 

e atetrose if it has 4 C’s; 

e a pentose if it has 5 C’s; 

e a hexose if it has 6 C’s, and so forth. 


These terms are then combined with the words aldose and ketose to indicate both the number of 
carbon atoms in the monosaccharide and whether it contains an aldehyde or ketone. Thus, glycer- 
aldehyde is an aldotriose (three C atoms and an aldehyde), glucose is an aldohexose (six C atoms 
and an aldehyde), and fructose is a ketohexose (six C atoms and a ketone). 


Draw the structure of (a) a ketotetrose; (b) an aldopentose; (c) an aldotetrose. 


28.2 Monosaccharides 1101 


28.2A Fischer Projection Formulas 


Sample Problem 28.1 


A striking feature of carbohydrate structure is the presence of stereogenic centers. All carbohy- 
drates except for dihydroxyacetone contain one or more stereogenic centers. 


The simplest aldehyde, glyceraldehyde, has one stereogenic center, so there are two possible 
enantiomers. Only the enantiomer with the R configuration occurs naturally. 


nái CHOH ali Tap HOCH? ga 
C. or Cis, e or © 
H~ ~OH HO~ \"H H“/ `OH HO” `H 
CHOH HOCH, 
(R)-glyceraldehyde (S)-glyceraldehyde 


naturally occurring enantiomer 


The stereogenic centers in sugars are often depicted following a different convention than is usu- 
ally seen for other stereogenic centers. Instead of drawing a tetrahedron with two bonds in the 
plane, one in front of the plane, and one behind it, the tetrahedron is tipped so that horizontal 
bonds come forward (drawn on wedges) and vertical bonds go behind (on dashed lines). 
This structure is then abbreviated by a cross formula, also called a Fischer projection formula. 
In a Fischer projection formula: 


e A carbon atom is located at the intersection of the two lines of the cross. 

e The horizontal bonds come forward, on wedges. 

¢ The vertical bonds go back, on dashed lines. 

e In a carbohydrate, the aldehyde or ketone carbonyl is put at or near the top. 


Using a Fischer projection formula, (R)-glyceraldehyde becomes: 


ong CHOH CHO CHO 
E --->  H=Ĉ=OH = HoH 
H~ `OH : 
a CH,OH CHOH 
Tip these bonds forward. * Horizontal bonds come forward. Fischer projection formula 
; e Vertical bonds go back. (R)-glyceraldehyde 


(R)-glyceraldehyde 


Do not rotate a Fischer projection formula in the plane of the page, because you might inad- 
vertently convert a compound into its enantiomer. When using Fischer projections it is usually 
best to convert them to structures with wedges and dashes, and then manipulate them. Although 
a Fischer projection formula can be used for the stereogenic center in any compound, it is most 
commonly used for monosaccharides. 


Convert each compound to a Fischer projection formula. 


H OH a 
a. Ye b. eo ae 
4% H` 7 `OH 
HOCH, CHO HOCH, 
Solution 


Rotate and re-draw each molecule to place the horizontal bonds in front of the plane and the 
vertical bonds behind the plane. Then use a cross to represent the stereogenic center. 


CHO CHO 
HOH  re-draw z 
a. £ ----> H=Ĉ=OH = H OH 
HOCH, CHO ČH,OH CHOH 
CHO CHO CHO 
| re-draw : 
b. wi. ----> HO=C=H = HO H 
H" 4 “OH : 


HOCH; ČĈH,OH CHOH 
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Problem 28.2 


Sample Problem 28.2 


b. 


Draw each stereogenic center using a Fischer projection formula. 


COOH CHO OH 
: | OHC._CH,CHg i] 

a. CH3=-C—=0OH b. ail (oF Ç d. H:O CHO 
£ HO"Y SH d- i 
CH,CH,OH CH HOCH, H CH, 


R,S designations can be assigned to any stereogenic center drawn as a Fischer projection formula 
in the following manner: 


[1] Assign priorities (1 — 4) to the four groups bonded to the stereogenic center using the rules 
detailed in Section 5.6. 

[2] When the lowest priority group occupies a vertical bond—that is, it projects behind the 
plane on a dashed line—tracing a circle in the clockwise direction (from priority group 
1 — 2 — 3) gives the R configuration. Tracing a circle in the counterclockwise direction 
gives the S configuration. 

[3] When the lowest priority group occupies a horizontal bond—that is, it projects in front of the 
plane on a wedge—teverse the answer obtained in Step [2] to designate the configuration. 

Re-draw each Fischer projection formula using wedges and dashes for the stereogenic center, and 

label the center as R or S. 


CHOH CHO 
a. erch b. ci H 

H CH; 
Solution 


For each molecule: 


[1] Convert the Fischer projection formula to a representation with wedges and dashes. 

[2] Assign priorities (Section 5.6). 

[3] Determine R or S in the usual manner. Reverse the answer if priority group [4] is oriented 
forward (on a wedge). 


z z 
CHOH CH,OH ‘CH,OH f CH oN 


ee -> aega -a |1 Bre C=CH, 3 | m- |1 |Br=C-=CH; 3 | 
A 


Š Sa 


Clockwise circle and 
group [4] is oriented behind: 
R configuration 


2 7S 
RA CHO CHO CHO 
CH =the cl C-=H non [4 Jom- H 4) Al. [a [ciH 


CH3 CH, CH, ČH; 


5 [3] 


Clockwise circle and 
group [4] is oriented forward: 
S configuration 


I 


Problem 28.3 


28.2B 


Figure 28.2 


A Fischer projection and the 
3-D structure of glucose 
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Label each stereogenic center as R or S. 


CH,NH> CHO CHO COOH 
a. ci—-chBr b. ciH c. ciy d. ci--cr;Br 
H CHNH3 CHOH H 


Monosaccharides with More Than One Stereogenic Center 


The number of possible stereoisomers of a monosaccharide increases exponentially with the 
number of stereogenic centers present. An aldohexose has four stereogenic centers, and so it 
has 2‘ = 16 possible stereoisomers, or cight pairs of enantiomers. 


General structure Ge 
of an aldohexose H-=Ç70H 


H-Ç=0H 4 stereogenic centers 
H-C-OH 2*= 16 possible stereoisomers 
l 
H-Ç=0H 
CHOH 


[* denotes a stereogenic center.] 


Fischer projection formulas are also used for compounds like aldohexoses that contain several 
stereogenic centers. In this case, the molecule is drawn with a vertical carbon skeleton and the 
stereogenic centers are stacked one above another. Using this convention, all horizontal bonds 
project forward (on wedges). 


ÇHO CHO 
HeG=0H H OH 
HOP GH B HO H 
hrs Or H OH 
HeG=0H H OH 
CHOH CHOH 
D-glucose Fischer projection 
All horizontal bonds are drawn 
as wedges. 


Although Fischer projections are commonly used to depict monosaccharides with many stereo- 
genic centers, care must be exercised in using them since they do not give a true picture of the 
three-dimensional structures they represent. Because each stereogenic center is drawn in the less 
stable eclipsed conformation, the Fischer projection of glucose really represents the molecule in 
a cylindrical conformation, as shown in Figure 28.2. 


All bonds are eclipsed in a Fischer projection. 


D-glucose Because all bonds are drawn eclipsed, the carbon backbone 
in a Fischer projection would curl around a cylinder. 
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Sample Problem 28.3 Convert the ball-and-stick model to a Fischer projection. 


Solution 

Since the ball-and-stick model is shown in the more stable staggered conformation, it must be 
converted to the less stable eclipsed conformation used in a Fischer projection. First, re-draw 

the model as a skeletal structure (A), and rotate it to place the carbonyl group at the top (B). To 
convert the all-staggered form to the all-eclipsed form, rotate around the bonds in B to swing two 
carbons (labeled in red) 180°, forming C. Re-draw C so that all bonds to H and OH on the four 
stereogenic centers are drawn on wedges, forming D. Groups that are on wedges in C are on the 
left side of the carbon skeleton in D, and groups on dashed bonds in C are on the right side of the 
carbon skeleton in D. Finally, replace the wedges with crosses to form the Fischer projection. 


OHC 


A B 
l Convert the 
| staggered to 
l the eclipsed 
4 conformation. 
pa d 
HO H HO H 
HO H _ HO=-=H fedraw 
H OH H OH 
OH H OH 
CHOH HOH HO 
Fischer projection D Cc 


Problem 28.4 Convert the ball-and-stick model to a Fischer projection. 
b r, ° 
A w 


Problem 28.5 Assign R,S designations to each stereogenic center in glucose. 
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28.2C D and L Monosaccharides 


Although the prefixes R and S can be used to designate the configuration of stereogenic centers 
in monosaccharides, an older system of nomenclature uses the prefixes D- and L-, instead. Natu- 
rally occurring glyceraldehyde with the R configuration is called the D-isomer. Its enantiomer, 
(S)-glyceraldehyde, is called the L-isomer. 


Fischer projections for the CHO CHO 
enantiomers of glyceraldehyde HOH HO | H 


CHOH CHOH 
(R)-glyceraldehyde (S)-glyceraldehyde 
p-glyceraldehyde L-glyceraldehyde 


The letters D and L are used to label all monosaccharides, even those with multiple stereogenic 
centers. The configuration of the stereogenic center farthest from the carbonyl group deter- 
mines whether a monosaccharide is D- or L-. 


e A D-sugar has the OH group on the stereogenic center farthest from the carbonyl on the 
right in a Fischer projection (like D-glyceraldehyde). 

e An L-sugar has the OH group on the stereogenic center farthest from the carbonyl on 
the left in a Fischer projection (like L-glyceraldehyde). 


The two designations, D 

and d, refer to very different 
phenomena. The “D” 
designates the configuration 
around a stereogenic center. 


In a D monosaccharide, the CHO CHO 

OH group on the stereogenic 

center farthest from the 

carbonyl group is on the stereogenic center | 

right in a Fischer projection. _ farthest from the C=O 

The “d,” on the other _ a 

hand, is an abbreviation for HeGOH HO=Ç=H 
“dextrorotatory;” that is, a CHOH CHOH 
d-compound rotates the OH on the right OH on the left 
plane of polarized light in the D-sugar L-sugar 


clockwise direction. A D-sugar 
may be dextrorotatory or it may 
be tevorotatory. There is no 
direct correlation between D 
and d or L and }, 


Glucose and all other naturally occurring sugars are D-sugars. L-Glucose, a compound that 
does not occur in nature, is the enantiomer of D-glucose. L-Glucose has the opposite configura- 
tion at every stereogenic center. 


CHO CHO 

H OH HO H 
HO H H OH - — 
HoH HoH | erae coer tar 
H OH HO H ` — 

CHOH CHOH 

D-glucose L-glucose 


naturally occurring enantiomer 


Problem 28.6 (a) Label compounds A, B, and C as D- or L-sugars. (b) How are compounds A and B related? A 
and C? B and C? Choose from enantiomers, diastereomers, or constitutional isomers. 


CHO CHO CHO 

H H HO——H HO—}—-H 

H—}—OH H——OH HO—}—-H 
HO—-H HO—+-H H—-+-OH 
CHOH CHOH CHOH 
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28.3 


The common name of each 
monosaccharide indicates 
both the number of atoms it 
contains and the configuration 
at each of the stereogenic 
centers. Because the common 
names are firmly entrenched 
in the chemical literature, no 
systematic method has ever 
been established to name 
these compounds. 


Figure 28,3 


The four stereoisomeric 
aldotetroses 


D-Ribose, D-arabviriose, and 
D-xylose are all common 
aldopentoses in nature. 
D-Ribose is the carbohydrate 
component of RNA, the 
polymer that translates the 
genetic information of DNA for 
protein synthesis. 
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The Family of D-Aldoses 


Beginning with p-glyceraldehyde, one may formulate other D-aldoses having four, five, or six 
carbon atoms by adding carbon atoms (each bonded to H and OH), one at a time, between C1 
and C2. Two p-aldotetroses can be formed from p-glyceraldehyde, one with the new OH group 
on the right and one with the new OH group on the left. Their names are D-erythrose and p-threose. 
They are two diastereomers, each with two stereogenic centers. 


p-Aldotetroses | CHO CHO 
H—*-OH HO—*-H 
H—*-OH <«— bD-sugar H——OH <— D-sugar 
CHOH CHOH 
D-erythrose D-threose [* denotes a stereogenic center.] 


Because each aldotetrose has two stereogenic centers, there are 2? or four possible stereoisomers. 
D-Erythrose and D-threose are two of them. The other two are their enantiomers, called L-erythrose 
and L-threose, respectively. The configuration around each stereogenic center is exactly the oppo- 
site in its enantiomer. All four stereoisomers of the D-aldotetroses are shown in Figure 28.3. 


H OH HO H HO H H OH 

H OH HO H H OH HO H 
CHOH CHOH CHOH CHOH 

p-erythrose L-erythrose p-threose L-threose 


— enantiomers l3 = enantiomers = 


To continue forming the family of p-aldoses, we must add another carbon atom (bonded to H and 
OH) just below the carbonyl of either tetrose. Because there are two D-aldotetroses to begin with, 
and there are two ways to place the new OH (right or left), there are now four D-aldopentoses: 
D-ribose, D-arabinose, D-xylose, and p-lyxose. Each aldopentose now has three stereogenic cen- 
ters, so there are 2 =8 possible stereoisomers, or four pairs of enantiomers. The D-enantiomer 
of each pair is shown in Figure 28.4. 


Finally, to form the p-aldohexoses, we must add another carbon atom (bonded to H and OH) just 
below the carbonyl of all the aldopentoses. Because there are four D-aldopentoses to begin with, 
and there are two ways to place the new OH (right or left), there are now eight D-aldohexoses. 
Each aldohexose now has four stereogenic centers, so there are 2* = 16 possible stereoisomers, 
or eight pairs of enantiomers. Only the p-enantiomer of each pair is shown in Figure 28.4. 


The tree of D-aldoses (Figure 28.4) is arranged in pairs of compounds that are bracketed together. 
Each pair of compounds, such as D-glucose and D-mannose, has the same configuration around 
all of its stereogenic centers except for one. 


Figure 28.4 


The family of D-aldoses having 
three to six carbon atoms 
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CHO 
oH 


CHOH 
p-glyceraldehyde 
aes 


3C’s H 


j- — E. 
CHO CHO 
ACs H OH HO H 
H OH H OH 
CHOH CHOH 
D-erythrose D-threose 
CHO CHO CHO CHO 
H—— OH HO H H OH HO H 
H——0H H——0H HO——H HO—}-H 
H OH H OH H OH H OH 
CHOH CHOH CHOH CHOH 
D-ribose D-arabinose p-xylose D-lyxose 
CHO CHO CHO CHO CHO CHO CHO CHO 
H OH HO H H OH HO H H OH HO H H OH HO H 
H OH H OH HO H HO H H OH H OH HO H HO H 
H OH H OH H OH H OH HO H HO H HO H HO H 
H OH H OH H OH H OH H OH H OH H OH H OH 
HOH CHOH CHOH CHOH CHOH CHOH CHOH CHOH 
D-allose b-altrose D-glucose D-mannose D-gulose D-idose D-galactose D-talose 
Of the p-aldohexoses, only e Two diastereomers that differ in the configuration around one stereogenic center only 
D-glucose and D-galactose are are called epimers. 
common in nature. D-Glucose 
is by far the most abundant CHO 
of all D-aldoses. D-Glucose sett ill 
comes from the hydrolysis configuration ve 
of starch and cellulose, and same 
D-galactose comes from the Hi configuration | 
hydrolysis of fruit pectins. H 
ok I 
D-glucose epimers D-mannose 
Problem 28.7 How many different aldoheptoses are there? How many are D-sugars? Draw all D-aldoheptoses 


Problem 28.8 


having the R configuration at C2 and C3. 


Draw two possible epimers of D-erythrose. Name each of these compounds using Figure 28.4. 
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28.4 The Family of D-Ketoses 


The family of p-ketoses, shown in Figure 28.5, is formed from dihydroxyacetone by adding 
a new carbon (bonded to H and OH) between C2 and C3, Having a carbonyl group at C2 
decreases the number of stereogenic centers in these monosaccharides, so that there are only four 
p-ketohexoses. The most common naturally occurring ketose is D-fructose. 

Problem 28.9 Referring to the structures in Figures 28.4 and 28.5, classify each pair of compounds as 

enantiomers, epimers, diastereomers but not epimers, or constitutional isomers of each other. 

a. D-allose and L-allose d. D-mannose and D-fructose 

b. D-altrose and D-gulose e. D-fructose and D-sorbose 

c. D-galactose and D-talose f. L-sorbose and L-tagatose 


Problem 28.10 a. Draw the enantiomer of D-fructose. 
b. Draw an epimer of D-fructose at C4. What is the name of this compound? 
c. Draw an epimer of D-fructose at C5. What is the name of this compound? 


Problem 28.11 Referring to Figure 28.5, which D-ketohexoses have the S configuration at C3? 
Figure 28.5 C1—>CH,OH 
The family of D-ketoses having C2—>G=0 30's | 
three to six carbon atoms C3—>CH,0H 
dihydroxyacetone 
| aca 1 C between C2 and C3. 
CHOH 
C=0 
4 C's 
HoH t ebid 
CHOH 
p-erythrulose 
ÇH2OH ÇH2OH 
C=O Cc=0 
H OH >= HO H 
H OH sian H OH 
CHOH CHOH 
D-ribulose D-xylulose 
GH2OH CH20H ÇH20H ÇH2OH 
=0 C=0 p C=0 
H OH HO H HO H 
H OH H OH 's | HO H 
H OH OH H OH 
CHOH CHOH beet CHOH 
D-pscicose D-fructose D-sorbose D-tagatose 


28.5 Physical Properties of Monosaccharides 


Monosaccharides have the following physical properties: 


e They are all sweet tasting, but their relative sweetness varies a great deal. 
e They are polar compounds with high melting points. 


e The presence of so many polar functional groups capable of hydrogen bonding makes them 
water soluble. 


e Unlike most other organic compounds, monosaccharides are so polar that they are insoluble 
in organic solvents like diethyl ether. 
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28.6 The Cyclic Forms of Monosaccharides 


Although the monosaccharides in Figures 28.4 and 28.5 are drawn as acyclic carbonyl com- 
pounds containing several hydroxy groups, the hydroxy and carbonyl groups of monosaccha- 
rides can undergo intramolecular cyclization reactions to form hemiacetals having either five or 
six atoms in the ring. This process was first discussed in Section 21.16. 


HH, hemiacetal J 
O 
“on ==> 
O 


pyranose ring pyran 
(a six-membered ring) 


Q oH hemiacetal 
1 
e H =—— e 1 O gp fe) 
4-OH 3 4 f 
furanose ring furan 


(a tive-membered ring) 


e A six-membered ring containing an O atom is called a pyranose ring. 
e A five-membered ring containing an O atom is called a furanose ring. 


Cyclization of a hydroxy carbonyl compound always forms a stereogenic center at the hemiacetal 
carbon, called the anomeric carbon. The two hemiacetals are called anomers. 


e Anomers are stereoisomers of a cyclic monosaccharide that differ in the position of the 
OH group at the hemiacetal carbon. 


new stereogenic center | 
the anomeric carbon 


2—GH H o H Pa O og 
4< ~= Oo—< > + g > 
ad OH H 


two anomers formed by cyclization 


In forming a pyranose ring: 


Cyclization forms the more stable ring size in a given molecule. The most common monosac- 
charides, the aldohexoses like glucose, typically form a pyranose ring, so our discussion 
begins with forming a cyclic hemiacetal from D-glucose. 


28.6A Drawing Glucose as a Cyclic Hemiacetal 


Which of the five OH groups in glucose is at the right distance from the carbonyl group to form 
a six-membered ring? The O atom on the stereogenic center farthest from the carbonyl (C5) 
is six atoms from the carbonyl carbon, placing it in the proper position for cyclization to form a 
pyranose ring. 


C1 —*GHO 
H=Ç~OH 
HOCH 
Heel | This OH group is the right number | 
H= CHOH <— of atoms away from the carbonyl — 
os’ CF CH,OH for cyclization to a pyranose ring. | 


D-glucose 
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The œ anomer in any 
monosaccharide has the 
anomeric OH group and the 
CH2OH group trans. The 

B anomer has the anomeric 
OH group and the CHOH 
group cis. 


To translate the acyclic form of glucose into a cyclic hemiacetal, we must draw the hydroxy alde- 
hyde in a way that suggests the position of the atoms in the new ring, and then draw the ring. By 
convention the O atom in the new pyranose ring is drawn in the upper right-hand corner 
of the six-membered ring. 


Rotating the groups on the bottom stereogenic center in A places all six atoms needed for the ring 
(including the OH) in a vertical line (B). Re-drawing this representation as a Fischer projection 
makes the structure appear less cluttered (C). Twisting this structure and rotating it 90° forms D. 
Structures A-D are four different ways of drawing the same acyclic structure of D-glucose. 


Place all six atoms of the 
new ring in a vertical line. 


A B c D 

CHO ‘CHO CHO 

| 2l CHOH 
H=G=0H H= COH H OH 

gl H = OH 
HOCH int hs HOCH = HO H = aH 1CHO 
H=C—=OH H=C-=0H H—+-oH al ay, 
H=C—0H HOCH; G—H HOCH; ——H n da 
rotate —> \dufon OH OH 

D-glucose D-glucose D-glucose 


six atoms of the ring Fischer projection 
drawn vertically 


7 a — = 
| [1] Rotate | [2] Re-draw asa Fischer [3] Twist the Fischer - 
projection. projection. 


We are now set to draw the cyclic hemiacetal formed by nucleophilic attack of the OH group on 
C5 on the aldehyde carbonyl. Because cyclization creates a new stereogenic center, there are two 
cyclic forms of D-glucose, an œ anomer and a B anomer. All the original stereogenic centers 
maintain their configuration in both of the products formed. 


e The a anomer of a D monosaccharide has the OH garaun drawn down, trans to 
the CH2OH group at C5. The œ anomer of D-glucose is called a-D-glucose, or 
o.-D-glucopyranose (to emphasize the six-membered ring). 

e The B anomer of a D monosaccharide has the OH group drawn up, cis to the 
CH.2OH group at C5. The B anomer is called B-b-glucose, or B-D-glucopyranose 
(to emphasize the six-membered ring). 


E stereogenic center 
E anomeric ric carbon 


C5 ae i A FROH 
H > O, \OH<—f anomer 
sa OH HATOI 
HO H 
H i. H 


H OH 


OH 
acyclic D-glucose a-D-glucose B-D-glucose 
& anomer 


These flat, six-membered rings used to represent the cyclic hemiacetals of glucose and other sugars 
are called Haworth projections. The cyclic forms of glucose now have five stereogenic centers, 
the four from the starting hydroxy aldehyde and the new anomeric carbon. 0.-D-Glucose and 
B-p-glucose are diastereomers, because only the anomeric carbon has a different configuration. 


The mechanism for this transformation is exactly the same as the mechanism that converts a hydroxy 
aldehyde to a cyclic hemiacetal (Mechanism 21.11). The acyclic aldehyde and two cyclic hemi- 
acetals are all in equilibrium. Each cyclic hemiacetal can be isolated and crystallized separately, 
but when any one compound is placed in solution, an equilibrium mixture of all three forms results. 
This process is called mutarotation. At equilibrium, the mixture has 37% of the œ anomer, 63% 
of the B anomer, and only trace amounts of the acyclic hydroxy aldehyde, as shown in Figure 28.6. 
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Figure 28.6 a-D-glucose acyclic aldehyde B-p-glucose 
The three forms of glucose hoanomer CHO | B anomer | 
CHOH“ H——OH ehon“ Le 
H O. H HO H H o. OH 
H a p 
OH H H OH BH H 
HO OH H OH HO H 
H OH CHOH H OH 
The CHOH and anomeric The CHOH and anomeric 
OH groups are trans. OH groups are cis. 
37% trace 63% 


28.6B Haworth Projections 


To convert an acyclic monosaccharide to a Haworth projection, follow a stepwise procedure. 


How To Draw a Haworth Projection from an Acyclic Aldohexose 


Example Convert D-mannose to a Haworth projection. 


CHO 
HO——H 
HO——H 
H—— OH 
H—— OH 
CHOH 
D-mannose 


Step [1] Place the O atom in the upper right corner of a hexagon, and add the CH2OH group on the first carbon 
counterclockwise from the O atom. 


e For D-sugars, the CH2OH group is drawn up. For L-sugars, the CHOH group is drawn down. 


CHO CHOH 
HO——H ô. 
HO H H 
H OH EEE 
H—++OH| <— p-sugar —| CH,OH is drawn up. | 
CH,OH 
D-mannose 


Step [2] Place the anomeric carbon on the first carbon clockwise from the O atom. 


e For an œ anomer, the OH is drawn down in a D-sugar. 
e For a B anomer, the OH is drawn up in a D-sugar. 


C1— i aie | el 
a anomer B anomer 
ad tee anomeric | 


the first C clockwise from | 


e Remember: The carbonyl carbon becomes the anomeric carbon (a new stereogenic center). 


— Continued 
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How To, continued 


Step [3] Add the substituents at the three remaining stereogenic centers clockwise around the ring. 


® The substituents on the right side of the Fischer projection are drawn down. 
e The substituents on the left are drawn up. 


H i, add groups on CHON GHOR 
ei COCA H of H 4—o oH 
a -t > Ah, o KHy o 
H ie) 
H HO Ne” OH HO N H 
H——OH H H H H 
CH2OH o anomer B anomer 


Problem 28.12 Convert each aldohexose to the indicated anomer using a Haworth projection. 


a. Draw the a anomer of: b. Draw the a anomer of: c. Draw the B anomer of: 
CHO CHO CHO 
H OH HO—}—H HO H 
H OH HO H H OH 
H OH H OH H OH 
H OH HO H H OH 
CHOH CHOH CHOH 


Sample Problem 28.4 shows how to convert a Haworth projection back to the acyclic form of 
a monosaccharide. It doesn’t matter whether the hemiacetal is the œ or B anomer, because both 
anomers give the same hydroxy aldehyde. 


Sample Problem 22.4 Convert the following Haworth projection to the acyclic form of the aldohexose 

CH,OH 

OH o. H 
H 
OH H 

H OH 
H OH 

Solution 


To convert the substituents to the acyclic form, start at the pyranose O atom, and work in a 
counterclockwise fashion around the ring, and from bottom-to-top along the chain. 


[1] Draw the carbon skeleton, placing the CHO on the top and the CH2OH on the bottom. 


CHO | Proceed in a counterclockwise TE 
j i egin here. 
fashion around the ring. CH,OH ae g 
OH o? H 

H 

OH H 

i H OH 
CHOH 


H OH 
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[2] Classify the sugar as D- or L-. 


e The CH2OH is drawn up, so it is a D-sugar. 
e A D-sugar has the OH group on the bottom stereogenic center on the right. 


CHOH - ii 
OH OH 
H OH OH ] 
H OH CHOH 


[3] Add the three other stereogenic centers. 


e Up substituents go on the left. 
¢ Down substituents go on the right. 


[ The anomeric C becomes the C=O. | 


— Answer: 
CHO 
H OH 
HO H 
HO H 
H OH 
CHOH 


Problem 28.13 Conver each Haworth projection to its acyclic form. 


CHOH H 
HO O, OH H o, H 
a. H H b. GH2OH, 
H H HO OH 
OH OH OH H 


28.6C Three-Dimensional Representations for D-Glucose 


Because the chair form of a six-membered ring gives the truest picture of its three-dimensional 
shape, we must learn to convert Haworth projections into chair forms. 


To convert a Haworth projection to a chair form: 


e Draw the pyranose ring with the O atom as an “up” atom. 

e The “up” substituents in a Haworth projection become the “up” bonds (either axial or 
equatorial) on a given carbon atom on a puckered six-membered ring. 

¢ The “down” substituents in a Haworth projection become the “down” bonds (either axial 
or equatorial) on a given carbon atom on a puckered six-membered ring. 


As a result, the three-dimensional chair form of B-p-glucose is drawn in the following manner: 


Three-dimensional chair form 
for B-p-glucose 


Make the O atom an “up” atom. 


CHOH 
H O. OH 
g > TAA OH H £ 
HO H 
H OH 


e “Up” substituents are labeled in red. 
e “Down” substituents are labeled in blue. 
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Figure 28.7  Three-dimensional representations for both anomers of D-glucose 


Problem 28.14 


28.6D 


Honey was the first and most 
popular sweetening agent until 
it was replaced by sugar (from 
sugarcane) in modern times. 
Honey is a mixture consisting 
largely of D-fructose and 
D-glucose. 


& anomer B anomer 


Glucose has all substituents larger than a hydrogen atom in the more roomy equatorial positions, 
making it the most stable and thus most prevalent monosaccharide. The B anomer is the major 
isomer at equilibrium, moreover, because the hemiacetal OH group is in the equatorial position, 
too. Figure 28.7 shows both anomers of D-glucose drawn as chair conformations. 


Convert each Haworth projection in Problem 28.13 to a three-dimensional representation using a 
chair pyranose ring. 


Furanoses 


Certain monosaccharides—notably aldopentoses and ketohexoses—predominantly form 
furanose rings, rather than pyranose rings, in solution. The same principles apply to drawing 
these structures as for drawing pyranose rings, except the ring size is one atom smaller. 


e Cyclization always forms a new stereogenic center at the anomeric carbon, so two 
different anomers are possible. For a D-sugar, the OH group is drawn down in the a 
anomer and up in the B anomer. 

e Use the same drawing conventions for adding substituents to the five-membered ring. 
With D-sugars, the CH2OH group is drawn up. 


With p-ribose, the OH group used to form the five-membered furanose ring is located on C4. 
Cyclization yields two anomers at the new stereogenic center, which are called o-D-ribofuranose 
and §-p-ribofuranose. 


i C1—> CHO 
| Formation of furanose 
| rings from p-ribose H——OH 
HOH oe 


This OH group is the right number 
‘OH | «— of atoms away from the carbonyl 


H 
C4 x CHOH | for cyclization to a furanose ring. | 


| 
re-draw | 


a J i 


CH2OH_o CH2OH_ öy CH20H_ OH <—B anomer 


ey Nope = NY 


ae Pleas B-D- ar E, 
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The same procedure can be used to draw the furanose form of D-fructose, the most common 
ketohexose. Because the carbonyl group is at C2 (instead of C1, as in the aldoses), the OH group 
at C5 reacts to form the hemiacetal in the five-membered ring. Two anomers are formed. 


5 CHOH 
Formation of furanose k 
rings from D-fructose c2—+G=0 


HO H 
H OH | This OH group is the right number of 
H OH| <— atoms away from the carbonyl group 
C5 7 CH,OH for cyclization to a furanose ring. 
2 
| 
re-draw 
t 
CHOH o CHOH CHOH Ta SAk CHOH o OH <— f anomer 
H HO — H  HOL[C=O z= H HO 
H OH H H CHOH 
OH _ OH H OH H 
o-D-fructofuranose œ% anomer B-b-fructofuranose 


Problem 28.15  Aldotetroses exist in the furanose form. Draw both anomers of D-erythrose. 


28.7 Glycosides 


Keep in mind the difference 
between a hemiacetal and an 


acetal: 


OH 
R-G—OR 

H 
hemiacetal 


* one OH group * two OR groups 


* one OR group 


OR 
R-C-OR 
H 
acetal 


Because monosaccharides exist in solution in an equilibrium between acyclic and cyclic forms, 
they undergo three types of reactions: 


e Reaction of the hemiacetal 
e Reaction of the hydroxy groups 
e Reaction of the carbonyl group 


Even though the acyclic form of a monosaccharide may be present in only trace amounts, the 
equilibrium can be tipped in its favor by Le Châtelier’s principle (Section 9.8), Suppose, for 
example, that the carbonyl group of the acyclic form reacts with a reagent, thus depleting its equi- 
librium concentration. The equilibrium will then shift to compensate for the loss, thus producing 
more of the acyclic form, which can react further. 


Note, too, that monosaccharides have two different types of OH groups. Most are “regular” alco- 
hols, and as such, undergo reactions characteristic of alcohols. The anomeric OH group, on the 
other hand, is part of a hemiacetal, giving it added reactivity. 


28.7A Glycoside Formation 


Treatment of a monosaccharide with an alcohol and HCl converts the hemiacetal into an acetal 
called a glycoside. For example, treatment of o-D-glucose with CHOH and HC! forms two 
glycosides that are diastereomers at the acetal carbon. The œ and B labels are assigned in the 
same way as anomers: with a D-sugar, an © glycoside has the new OR group (OCH; group in this 
example) down, and a B glycoside has the new OR group up. 


OH OH OH 
HO Q CHOH HO Q HO Q 
HO H ~pa? HO + HO OCH, 
OHH OMe OH 


.-D-glucose a glycoside ý B glycoside 
Only the hemiacetal OH reacts. — 
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Mechanism 28.1 explains why a single anomer forms two glycosides. The reaction proceeds by 
way of a planar carbocation, which undergoes nucleophilic attack from two different direc- 
tions to give a mixture of diastereomers. Because both œ- and B-p-glucose form the same planar 
carbocation, each yields the same mixture of two glycosides. 


{ò Mechanism 28.1 Glycoside Formation 


Steps [1]-[2] Protonation and loss of the leaving group 


OH m OH | 
[2] HO 975 HO \ . 
20H =—= HO . + HO + HÖ: 
t OH `H OH `H 
B-o-glucose + Cr loss of HO resonance-stabilized cation 


e Protonation of the hemiacetal OH group, followed by loss of H20, forms a resonance-stabilized cation (Steps [1] and [2]). 


Steps [3]-[4] Nucleophilic attack and deprotonation 


CH30H 


HO 
above HO 


OH 
jt H B glycoside 4 
+ HCl 
OH 
planar carbocation y OH OH 
[Sao HO HO 
‘below HO H “jay HO H 
OH |, OH 
:0CH3 ‘OCH, 
a a glycoside 
Clr 


aes 


* Nucieopiilic attack of CrigOn on ihe pianar carbocation occurs from both sides to yieid œ and f glycosides after loss ot 
a proton (Steps [3] and [4]). 


The mechanism also explains why only the hemiacetal OH group reacts. Protonation of the 
hemiacetal OH, followed by loss of H,O, forms a resonance-stabilized carbocation in Step [2]. A 
resonance-stabilized carbocation is not formed by loss of H20 from any other OH group. 


Unlike cyclic hemiacetals, glycosides are acetals, and so they do not undergo mutarotation. 
When a single glycoside is dissolved in H,O, it is not converted to an equilibrium mixture of œ 
and B glycosides. 


e Glycosides are acetals with an alkoxy group (OR) bonded to the anomeric carbon. 


Problem 28.16 What glycosides are formed when each monosaccharide is treated with CH3CH2OH, HCI: 
(a) B-D-mannose; (b) «-D-gulose; (c) B-D-fructose? 
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28.7B Glycoside Hydrolysis 


Because glycosides are acetals, they are hydrolyzed with acid and water to cyclic hemiacetals 
and a molecule of alcohol. A mixture of two anomets is formed from a single glycoside. For 
example, treatment of methyl o&-p-glucopyranoside with aqueous acid forms a mixture of o- and 
B-p-glucose and methanol. 


OH OH OH 
HO Q HaO* HO Q HO Q 
HO H HO + HO OH + CHOH 


OH OH OH 
OCH, OH 


methyl o-D-glucopyranoside -D-glucose B-D-glucose 


The mechanism for glycoside hydrolysis is just the reverse of glycoside formation. It involves 
two parts: formation of a planar carbocation, followed by nucleophilic attack of H,O to form 
anomeric hemiacetals, as shown in Mechanism 28.2. 


ts Mechanism 28.2 Glycoside Hydrolysis 


Steps [1]-[2] Protonation and loss of the leaving group 


OH 
HO O° p 
_+— 6 X + CH,0H 
*OCH3 ‘ OH `H OH `H 
( H resonance-stabilized carbocation 
+ oe 
PEE + : 
H°OH, HO 


e Protonation of the acetal OCH; group, followed by loss of CH,OH, forms a resonance-stabilized cation (Steps [1] and [2]). 


Steps [3]-[4] Nucleophilic attack and deprotonation 


HÖ: 
HO 
above HO 


B-D-glucose H 


+ H,O* 


H 


SA &-D-glucose . 
HÖ: 


i? 
H 


¢ Nucleophilic attack of H20 on the planar carbocation occurs from both sides to yield « and B anomers after loss of a 
proton (Steps [3] and [4]). 


Problem 28.17 Draw a stepwise mechanism for the following reaction. 


HOCH, _o OCH2CH, HOCH, _o H HOCH, 


fe) OH 
H H aes + H H +  CH3CH,OH 
OH OH 


H H 
12] 
OH OH OH OH 


1118 Chapter 28 Carbohydrates 


28.7C Naturally Occurring Glycosides 


Salicin and solanine are two naturally occurring compounds that contain glycoside bonds as part 
of their structure. Salicin is an analgesic isolated from willow bark, and solanine is a poisonous 
compound isolated from the berries of the deadly nightshade plant. Solanine is also produced in 
the leaves, stem, and green spots on the skin of potatoes as a defense against insects and preda- 
tors. It is believed that the role of the sugar rings in both salicin and solanine is to increase their 
water solubility. 


OH 


The berries of the black 
nightshade plant (Solanum 
nigrum) are a source of the 
poisonous alkaloid solanine. 


[The O atoms that are part of the 
glycoside bonds are drawn in red.] 


i OH OH 
salicin 
HO., 
HO (8) (8) 
H O 


HO 


Ovr 
Oe 


OH 


Glycosides are common in nature. All disaccharides and polysaccharides are formed by joining 
monosaccharides together with glycosidic linkages. These compounds are discussed in detail 
beginning in Section 28.12. 


Problem 28.18 (a) Label all the O atoms that are part of a glycoside in rebaudioside A. Rebaudioside A, marketed 
under the trade name Truvia, is a sweet glycoside obtained from the stevia plant, which has 
been used for centuries in Paraguay to sweeten foods. (b) The alcohol or phenol formed from the 
hydrolysis of a glycoside is called an aqlycon. What aalycon and monosaccharides are formed hy 
the hydrolysis of rebaudioside A? 


Rebaudioside A, a naturally 
occurring glycoside about 400 
times sweeter than table sugar, 
is obtained from the leaves of 
the stevia plant, a shrub native 
to Central and South America. 


rebaudioside A 
Trade name: Truvia 
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Reactions of Monosaccharides at the OH Groups 


Because monosaccharides contain OH groups, they undergo reactions typical of alcohols—that 
is, they are converted to ethers and esters. Because the cyclic hemiacetal form of a monosaccha- 
ride contains an OH group, this form of a monosaccharide must be drawn as the starting material 
for any reaction that occurs at an OH group. 


All OH groups of a cyclic monosaccharide are converted to ethers by treatment with base 
and an alkyl halide. For example, o-p-glucose reacts with silver(I) oxide (Ag,O, a base) and 
excess CHI to form a pentamethy] ether. 


OH 
HO Ag,0 
Ho CHal 
a-D-glucose 
This OH is part of the hemiacetal. This OCH; is part of an acetal. 


Ag:0 removes a proton from each alcohol, forming an alkoxide (RO ), which then reacts with 
CHI in an Sy2 reaction. Because no C—O bonds are broken, the configuration of all substituents 
in the starting material is retained, forming a single product. 


The product contains two different types of ether bonds. There are four “regular” ethers 
formed from the “regular” hydroxyls. The new ether from the hemiacetal is now part of an 
acetal—that is, a glycoside. 


The four ether bonds that are not part of the acetal do not react with any reagents except strong 
acids like HBr and HI (Section 9.14). The acetal ether, on the other hand, is hydrolyzed with 
aqueous acid (Section 28.7B). Aqueous hydrolysis of a single glycoside (like the pentamethy] 
ether of «-D-glucose) yields both anomers of the product monosaccharide. 


CH, 
CH,0 HaO* CHO Q 
CHO CH,O H 
CH,0 
OH 


Only the acetal ether bond reacts. | Two anomers are formed. | + CHOH 


¢ “Regular” ethers are shown in blue. 
¢ The acetal ether is shown in red. 


The OH groups of monosaccharides can also be converted to esters. For example, treatment 
of B-p-glucose with either acetic anhydride or acetyl chloride in the presence of pyridine (a base) 
converts all OH groups into acetate esters. 
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CHy ~O” ~CH, 
Ac,0 


Problem 28,19 


28.9 


28.9A 


Glucitol occurs naturally in 
some fruits and berries. It is 
sometimes used as a substitute 
for sucrose (table sugar). With 
six polar OH groups capable of 
hydrogen bonding, glucitol is 
readily hydrated. It is used as 
an additive to prevent certain 
foods from drying out. 


Problem 28.20 


OH o Oo Q 
HO Q Ge ? oon 
a so” ~ Cc. 3 
HO OH + CHy i CHs pyridine cH ~O 
B-p tee å 9 eae Fg. oe i 
PES 1 ji Sof? ob 
fe) O 
All OH groups react. CH4 we 6 


Since it is cumbersome and tedious to draw in all the atoms of the esters, the abbreviation Ac is 
used for the acetyl group, CH;C=O. The esterification of B-p-glucose can then be written as 


follows: 
OAc 
Sn Ac,0 or AcCI aA eray 
— pyridine AcO OAc 
AcO 


B-D- PR. 


Monosaccharides are so polar that they are insoluble in common organic solvents, making them 
difficult to isolate and use in organic reactions. Monosaccharide derivatives that have five ether 
or ester groups in place of the OH groups, however, are readily soluble in organic solvents. 


Draw the products formed when B-D-galactose is treated with each reagent. 


a. AgoO + CHa d. Ac,O + pyridine 
b. NaH + CgH;CH2Cl e. CgHsCOCl + pyridine 
c. The product in (b), then H30* f. The product in (c), then CgHs;COCI + pyridine 


Reactions at the Carbonyl Group— 
Oxidation and Reduction 
Oxidation and reduction reactions occur at the carbonyl group of monosaccharides, so they all 


begin with the monosaccharide drawn in the acyclic form. We will confine our discussion to 
aldoses as starting materials. 


Reduction of the Carbonyl Group 


Like other aldehydes, the carbonyl group of an aldose is reduced to a 1° alcohol using NaBH. 
This alcohol is called an alditol. For example, reduction of D-glucose with NaBH, in CHOH 
yields glucitol (also called sorbitol). 


CHOH 


D-glucose glucitol 
(sorbitol) 


A 2-ketohexose is reduced with NaBH, in CH3OH to form a mixture of D-galactitol and D-talitol. 
What is the structure of the 2-ketohexose? 
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28.9B Oxidation of Aldoses 


Aldoses contain 1° and 2° alcohols and an aldehyde, all of which are oxidizable functional 
groups. Two different types of oxidation reactions are particularly useful—oxidation of the alde- 
hyde to a carboxylic acid (an aldonic acid) and oxidation of both the aldehyde and the 1° alcohol 
to a diacid (an aldaric acid). 


CHO | OOH 
[0] 
H OH CHOH | COOH | 
aldose aldonic acid aldaric acid 


[1] Oxidation of the aldehyde to a carboxylic acid 


The aldehyde carbonyl is the most easily oxidized functional group in an aldose, and so a variety 
of reagents oxidize it to a carboxy group, forming an aldonic acid. 


Three reagents used for this process produce a characteristic color change because the oxidizing 
agent is reduced to a colored product that is easily visible. As described in Section 20.8, Tollens 
reagent oxidizes aldehydes to carboxylic acids using Ag20 in NH,OH, and forms a mirror of Ag 
as a by-product. Benedict’s and Fehling’s reagents use a blue Cu” salt as an oxidizing agent, 
which is reduced to Cu,O, a brick-red solid. Unfortunately, none of these reagents gives a high 
yield of aldonic acid. When the aldonic acid is needed to carry on to other reactions, Br, + H,O 
is used as the oxidizing agent. 


COOH | 

AgsO,NH,OH H~} OH Ag 

Gut? HO H or 

a aes H OH + CuO 

or or 

Bro, H2O H OH Br 
CHOH CHOH 
D-glucose D-gluconic acid 


e Any carbohydrate that exists as a hemiacetal is in equilibrium with a small amount of 
acyclic aldehyde, so it is oxidized to an aldonic acid. 


e Glycosides are acetals, not hemiacetals, so they are not oxidized to aldonic acids. 
Carbohydrates that can be oxidized with Tollens, Benedict’s, or Fehling’s reagent are called 


reducing sugars. Those that do not react with these reagents are called nonreducing sugars. 
Figure 28.8 shows examples of reducing and nonreducing sugars. 


Figure 28.8 OH hemiacetal OCHs hemiacetal OH acetal 
Examples of reducing and Ho \—2 i CH0 Q ff HO Q 
nonreducing sugars HAA CH,O HO OCH; 
HO HO 


CH0 
OH OH 
tetramethyl methyl 
o-D-glucopyranose a-D-glucopyranose -D-glucopyranoside 


ppm eS ET p 
_ reducing sugar | reducing sugar | nonreducing sugar | 


e Carbohydrates containing a hemiacetal are in equilibrium with an acyclic aldehyde, making them 
reducing sugars. 

e Glycosides are acetals, so they are not in equilibrium with any acyclic aldehyde, making them 
nonreducing sugars. 
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Problem 28.21 


[2] 


Problem 28.22 


Problem 28.23 


Classify each compound as a reducing or nonreducing sugar. 


CHOH 


CHOH H 
HO oO. OH =o 
a. b. H H CG 
H H H OCH2CH; 
H H 
OH OH 
H OH 


lactose 


Oxidation of both the aldehyde and 1° alcohol to a diacid 


Both the aldehyde and 1° alcohol of an aldose are oxidized to carboxy groups by treatment with 
warm nitric acid, forming an aldaric acid. Under these conditions, D-glucose is converted to 
D-glucaric acid. 


CHO 
H OH 
HO H HNO, 
H OH H2O 
H OH 
| CHOH | 
D-glucose D-glucaric acid 


an aldaric acid 


Because aldaric acids have identical functional groups on both terminal carbons, some aldaric 
acids contain a plane of symmetry, making them achiral molecules. For example, oxidation of 
D-allose forms an achiral, optically inactive aldaric acid. This contrasts with D-glucaric acid 
formed from glucose, which has no plane of symmetry, and is thus still optically active. 


No plane of symmetry 


CHO COOH OOH 
H OH H OH H OH 
H OH HNO, H OH plane of HO H 

H——oH HO H—}—OH | symmetry H—— OH 

H OH H OH H OH 

CH,OH COOH COOH 
pD-allose p-allaric acid p-glucaric acid 
an achiral diacid a Chiral diacid 


Draw the products formed when D-arabinose is treated with each reagent: (a) Ag20, NH4OH; 
(b) Bra, H20; (c) HNO, H20. 


Which aldoses are oxidized to optically inactive aldaric acids: (a) D-erythrose; (b) D-lyxose; 
(c) D-galactose? 
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28.10 Reactions at the Carbonyl Group—Adding or Removing 
One Carbon Atom 


Two common procedures in carbohydrate chemistry result in adding or removing one carbon 
atom from the skeleton of an aldose. The Wohl degradation shortens an aldose chain by one 
carbon, whereas the Kiliani—Fischer synthesis lengthens it by one. Both reactions involve cya- 
nohydrins as intermediates. Recall from Section 21.9 that cyanohydrins are formed from alde- 
hydes by addition of the elements of HCN. Cyanohydrins can also be re-converted to carbonyl 
compounds by treatment with base. 


Q NaCN y 
a 
C. r i =0= 
a HCI i new C-C bond 
CN 
cyanohydrin 
-OH 
(-HCN) 


e Forming a cyanohydrin adds one carbon to a carbonyl group. 
e Re-converting a cyanohydrin to a carbonyl compound removes one carbon. 


28.10A The Wohl Degradation 


The Wohl degradation is a stepwise procedure that shortens the length of an aldose chain 
by cleavage of the C1—C2 bond. As a result, an aldohexose is converted to an aldopentose hav- 
ing the same configuration at its bottom three stereogenic centers (C3—CS5). For example, the 
Wohl degradation converts D-glucose into D-arabinose. 


| Te C1 
The Wohl - 
degradation J This C-C bond 
| CHO is cleaved. 
H 


H OH CHO 
C2 oH H 
Hon] — H——cH 
5 These C’s stay the same. 
H OH H OH 


CHOH CHOH 
D-glucose D-arabinose 


The Wohl degradation consists of three steps, illustrated here beginning with D-glucose. 


Steps in the Wohi degradation 


CHO H—C=NOH =N 
H OH H OH H OH CHO 
sn Á NH2OH Ho f (CHgCO),0 HO ia NaOCH3 a i 
H OH “Th H OH NaOCOCH, H OH By H OH 
H OH H OH [2] H OH H OH 
CHOH CHOH CHOH ‘oss of HON | CHOH 
D-glucose oxime cyanohydrin D-arabinose 


This step cleaves the C-C bond. 


[1] Treatment of D-glucose with hydroxylamine (NH,OH) forms an oxime by nucleophilic addi- 
tion. This reaction is analogous to the formation of imines discussed in Section 21.11. 

[2] Dehydration of the oxime to a nitrile occurs with acetic anhydride and sodium acetate. The 
nitrile product is a cyanohydrin. 

[3] Treatment of the cyanohydrin with base results in loss of the elements of HCN to form 
an aldehyde having one fewer carbon. 
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The Wohl degradation converts a stereogenic center at C2 in the original aldose to an sp’ 
hybridized C=O. As a result, a pair of aldoses that are epimeric at C2, such as D-galactose and 
p-talose, yield the same aldose (D-lyxose, in this case) upon Wohl degradation. 


C2. CHO CHO_C2 
Aa pm 
H OH CHO HO H 
H H H | H 
| Wohl | pe Wohl g | 
HO H | degradation HG H degradation HO H 
H OH H OH H OH 
| | 
CHOH CHOH | CHON] 
D-galactose D-lyxose D-talose 
OE epimers at C2 ES 
Propper, 2.24 What two aldoses yield D-xylose on Wohl degradation? 


28.10B The Kiliani-Fischer Synthesis 


The Kiliani—-Fischer synthesis lengthens a carbohydrate chain by adding one carbon to the 
aldehyde end of an aldose, thus forming a new stereogenic center at C2 of the product. The 
product consists of epimers that differ only in their configuration about the one new stereo- 


genic center. For example, the Kiliani-Fischer synthesis converts D-arabinose into a mixture 
of D-glucose and D-mannose. 


The Kiliani-Fischer | CHO i i CHO 
| synthesis CHO H—FFOH | . HO——H 


HO——H HO——H © HO——H 
H OH| —— H on + H OH 
H OH} H oH th CH | 

CHOH CHOH CHOH 

D-arabinose D-glucose D-mannose 


aa: epimers = 
[* denotes the new stereogenic center.] 


The Kiliani—Fischer synthesis, shown here beginning with p-arabinose, consists of three steps. 
“Squiggly” lines are meant to indicate that two different stereoisomers are formed at the new 
stereogenic center. As with the Wohl degradation, the key intermediate is a cyanohydrin. 


| Steps in the Kiliani-Fischer synthesis | 


| new C-C bond my H-C=NH CHO 
CHO H H Ham OH Hna OH 
HO——H H HO——H HO——H 
aie ESS OH He on BO OH 
HCI Pd-BaSO, [3] 
H——oH “HCN” H—— OH 2] OH OH 
chon M CHOH CHOH CH OH 
cyanohydrin imine 


This step results in C-C bond formation. 


[1] Treating an aldose with NaCN and HCl adds the elements of HCN to the carbonyl group, 
forming a cyanohydrin and a new carbon-carbon bond. Because the sp” hybridized car- 
bonyl carbon is converted to an sp? hybridized carbon with four different groups, a new 
stereogenic center is formed in this step. 
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[2] Reduction of the nitrile with H, and Pd-BaSOu,, a poisoned Pd catalyst, forms an imine. 


[3] Hydrolysis of the imine with aqueous acid forms an aldehyde that has one more carbon than 
the aldose that began the sequence. 


Note that the Wohl degradation and the Kiliani—-Fischer synthesis are conceptually opposite 
transformations. 


e The Wohl degradation removes a carbon atom from the aldehyde end of an aldose. Two 
aldoses that are epimers at C2 form the same product. 

e The Kiliani-Fischer synthesis adds a carbon to the aldehyde end of an aldose, forming 
two epimers at C2. 


Problem 28.25 What aldoses are formed when the following aldoses are subjected to the Kiliani-Fischer 
synthesis: (a) D-threose; (b) D-ribose; (c) D-galactose? 


28.10C Determining the Structure of an Unknown Monosaccharide 


The reactions in Sections 28.9—28.10 can be used to determine the structure of an unknown 
monosaccharide, as shown in Sample Problem 28.5. 


Sample Problem 28.5 A D-aldopentose A is oxidized to an optically inactive aldaric acid with HNOs. A is formed by the 
Kiliani-Fischer synthesis of a D-aldotetrose B, which is also oxidized to an optically inactive aldaric 
acid with HNO3. What are the structures of A and B? 


Solution 
Use each fact to determine the relative orientation of the OH groups in the D-aldopentose. 


Fact[1] A D-aldopentose A is oxidized to an optically inactive aldaric acid with HNO3. 


An optically inactive aldaric acid must contain a plane of symmetry. There are only two ways 
to arrange the OH groups in a five-carbon D-aldaric acid, for this to be the case. Thus, only two 
structures are possible for A, labeled A' and A"'. 


Possible optically inactive p-aldaric acids: : 
COOH COOH | 


| plane of 
| symmetry | 


COOH į 
This OH is on the right for a p-sugar. 


Fact{2] Ais formed by the Kiliani-Fischer synthesis from a D-aldotetrose B. 


A' and A" are each prepared from a D-aldotetrose (B' and B"') that has the same configuration at 
the bottom two stereogenic centers. 


CHO CHO 
H—j—OH H—— OH CHO 
[AON] — ee HO——H | =— HO—}-H 
|, H—}— OH H——OH H——OH 
CHOH Sa n | CHOH 
A' B" 


t Two possible structures for B B Et 
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Fact [3] 


Problem 28.26 


28.11 


The Fischer proof is remarkable 
because it was done at a time 
when determining melting 
points and optical rotations 


h at annhiatinatad 
were the most sophisticated 


techniques available to the 
chemist. 


In 1951, the technique of X-ray 
crystallography confirmed 

that (+)-glucose had the D 
configuration, as assumed by 
Fischer more than 50 years 
earlier. 
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The D-aldotetrose is oxidized to an optically inactive aldaric acid upon treatment with HNO3. 


Only the aldaric acid from B' has a plane of symmetry, making it optically inactive. Thus, 
B' is the correct structure for the D-aldotetrose B, and therefore A' is the structure of the 
D-aldopentose A. 


CHO COOH CHO COOH 
HNO | ] HNO. 
H OH 3 H OH plane of HO H 3 HO H 
H OH H OH = symmetry H OH H OH 
CHOH COOH CHOH COOH 
B' optically B" optically 
inactive active 
Answer: CHO 
CHO 
H OH Š oy 
= B H OH = A 
H OH 
H OH 
CHOH 
CHOH 


D-Aldopentose A is oxidized to an optically inactive aldaric acid. On Wohl degradation, A forms 
an aldotetrose B that is oxidized to an optically active aldaric acid. What are the structures of A 
and B? 


The Fischer Proof of the Structure of Glucose 


Both Fischer projections and the Kiliani—Fischer synthesis are named after Emil Fischer, a 
noted chemist of the late nineteenth and early twentieth centuries, who received the Nobel Prize 
in Chemistry in 1902 for his work in carbohydrate chemistry. Fischer’s most elegant work is the 
subject of Section 28.11. 


In 1891, only LU years after the tetrahedral structure of carbon was proposed, Fischer determined 
the relative configuration of the four stereogenic centers in naturally occurring (+)-glucose. This 
body of work is called the Fischer proof of the structure of glucose. 


Because glucose has four stereogenic centers, there are 2* = 16 possible stereoisomers, or eight 
pairs of enantiomers. In 1891, there was no way to determine the absolute configuration of 
(+)-glucose—that is, the exact three-dimensional arrangement of the four stereogenic centers. 
Because there was no way to distinguish between enantiomers, Fischer could only determine the 
relative arrangement of the OH groups to each other. 


Because of this, Fischer began with an assumption. He assumed that naturally occurring glucose 
had the D configuration—namely, that the OH group on the stereogenic center farthest from 
the aldehyde was oriented on the right in a Fischer projection. He then set out to determine the 
orientation of all other OH groups relative to it. Thus, the Fischer proof determined which of the 
eight D-aldohexoses was (+)-glucose. 


The strategy used by Fischer is similar to that used in Sample Problem 28.5, in which the structure 
of an aldopentose is determined by piecing together different facts. The Fischer proof is much 
more complicated, though, because the relative orientation of more stereogenic centers had to 
be determined. 


The reasoning behind the Fischer proof is easier to follow if the eight possible D-aldohexoses are 
arranged in pairs of epimers at C2. These compounds are labeled 1-8 in Figure 28.9. When orga- 
nized in this way, each pair of epimers would also be formed as the products of a Kiliani—Fischer 
synthesis beginning with a particular D-aldopentose (lettered A-D in Figure 28.9). 
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Figure 28.9 | p-aldopentoses | | p-aldohexoses j | p-aldopentoses | p-aldohexoses | 
The D-aldopentoses and 


b-aldohexoses needed to Sig CHO CHO go CHO 
illustrate the Fischer proof H OH HO H A HO H 
Ham OH HoH H——OH H H—_OH 
H- OH __, Hon Hon | HOH —_. real iy 
a eR H-+-OH H—+-OH H H——oH 
CHOH CHOH CHOH bnon a CHOH 
A 1 2 c 5 6 


p "o CHOH CHOH CHOH 
B 3 4 D 7 8 


¢ The aldohexoses (1-8) are arranged in pairs of epimers at C2. 
e Kiliani-Fischer synthesis using aldopentoses A-D forms each pair of epimers. 


To follow the steps in the Fischer proof, we must determine what information can be obtained 
from each experimental result. 


Fact{1}  Kiliani-Fischer synthesis of arabinose, an aldopentose, forms glucose and mannose. 


Because the Kiliani—Fischer synthesis forms two epimers at C2, glucose and mannose have the 
same configurations at three stereogenic centers (C3—CS5), but opposite configurations at C2. 
Thus, glucose and mannose are either 1 and 2, 3 and 4, 5 and 6, or 7 and 8. 


Glucose and mannose are epimers at C2. 


oN — C2 CHO 
HOŠ =H 
gq three identical | 
| stere stereogenic centers centers 
CH2OH -CHOH CHOH 


Fact [2] Glucose and mannose are both oxidized to optically active aldaric acids. 


Because an optically active aldaric acid does not have a plane of symmetry, any aldohexose that 
forms an aldaric acid with a plane of symmetry can be eliminated. 


CHO COOH 
H OH 
H—— OH HNO; = Tia of T HO "plane of of 
H OH H0 E symmetry | 
H OH 

CHOH COOH ge p= 

optically inactive optically inactive 
1 aldaric acid 7 aldaric acid 


e Thus, aldohexoses 1 (and therefore its epimer 2) and 7 (and its epimer 8) can be eliminated, 
so that glucose and mannose are one of two pairs of epimers: either 3 and 4, or 5 and 6. 
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Fact [3]  Arabinose is oxidized to an optically active aldaric acid. 


We can now narrow down the possible structures for arabinose, the aldopentose that forms glu- 
cose and mannose from the Kiliani—Fischer synthesis (Fact [1]). 
e Because glucose and mannose are epimers 3 and 4 or 5 and 6 (Fact [2]), arabinose must be 
either B or C. 
e Because oxidation of C forms an optically inactive aldaric acid, arabinose must have struc- 
ture B, an aldopentose that gives an optically active aldaric acid. 


| Two possible structures 
for arabinose 


CHO CHO 
H——oH HO--+H utes sail 
Kiliani-Fischer H OH H OH = 
H—-—OH P H—— OH synthesis HNO, plane of — 
HOH |" hota St cin nT. <— symmetry 
H—+—OH HOH N H- OH 
CH,OH CH,OH CHOH COOH 
optically inactive 
5 6 c aldaric acid 
CHO CHO sar 
H—— 0H HO——H CHO COOH 
wp a tepa eee E pr 
H——0OH an H+-oH y H— OH 
H—-—OH H——OH H P 
CH;0H CHOH a 
| optically active 
3 4 aldaric acid 


This must be arabinose. 


ag Ban eee, eee eke: Pi 5. ine aaa? Se 
e This, glucose and mannose are structures 3 and 4, but, with the given infurimaiion, li is not 


US Kiin iiia © bu 


possible to decide which is glucose and which is mannose. 


Fact [4] When the functional groups on the two end carbons of glucose are interchanged, glucose is 
converted to a different aldohexose. 


To determine whether glucose had structure 3 or 4, a method was devised to interchange the two 
functional groups at the ends of an aldohexose. The CHO at Cl was converted to CHOH, and 


the CH,OH at C6 was converted to CHO. 


C1— CHO CHOH 


CHO 


C6 — CHOH 
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The results of this process are different for compounds 3 and 4. Compound 4 gives a compound 
that is identical to itself, whereas compound 3 gives a compound that is different from itself. 


CHO in CHO 
HO H 
HO H interchange © i se)" 
rotate 
H—+—-OH 180° 
H OH H OH 
ae Tee is 
4 |___ ete Ep —e 
CHO CHOH CHO 
H H H OH HO H 
HO——H interchange HO—}-H PA Ho——H 
m rotate 
H——OH H——OH 180° H—}—OH 
H OH H OH HO H 
CHOH CHO CHOH 
3 . ditferent t compounds ; 


| This must be glucose. } 


e Because glucose gives a different aldohexose after the two end groups are interchanged, it 
must have structure 3, and mannose must have structure 4. The proof is complete. 


Problem 28.27 Besides D-mannose, only one other D-aldohexose yields itself when the CHO and CH2OH groups 

on the end carbon atoms are interchanged. What is the name and structure of this D-aldohexose? 
Probiem 28.2 A D-aldohexose A is formed from an aldopentose B by the Kiliani-Fischer synthesis. Reduction of 
A with NaBH, forms an optically inactive alditol. Oxidation of B forms an optically active aldaric 
acid. What are the structures of A and B? 


cs 


28.12 Disaccharides 


Disaccharides contain two monosaccharides joined together by a glycosidic linkage. The gen- 
eral features of a disaccharide include the following: 


| Some features of | acetal 
_ a disaccharide O 4 fe) 4 ö 
Ee FAA 


2 
3 1 j X 
glycosidic linkage | | a 1-4-B-glycoside | 
This bond may be a or B. | — 


[1] Two monosaccharide rings may be five- or six-membered, but six-membered rings are much 
more common. The two rings are connected by an O atom that is part of an acetal, called a 
glycosidic linkage, which may be oriented © or B. 

[2] The glycoside is formed from the anomeric carbon of one monosaccharide and any 
OH group on the other monosaccharide. All disaccharides have one acetal, together with 
either a hemiacetal or another acetal. 

[3] With pyranose rings, the carbon atoms in each ring are numbered beginning with the ano- 
meric carbon. The most common disaccharides contain two monosaccharides in which the 
hemiacetal carbon of one ring (Cl) is joined to C4 of the other ring. 


The three most abundant disaccharides are maltose, lactose, and sucrose. 
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Cotton, on the other hand, binds dyes by hydrogen bonding interactions with its many OH groups, 
Thus, Congo red is bound to the cellulose backbone by hydrogen bonds. 


OH 
Cotton— OH OH 
A carbohydrate | ee om o on 
aes | HO aoe og kot 


OH 
om OH OH 
hydrogen bond —| 
N= at VC )- N=N RT bond 
Nat TOS . Vy, ne Za SO; “Nat 
Congo red 


Problem 25.38 Explain why Dacron, a polyester first discussed in Section 22.16B, does not bind well with an 


anionic dye such as methyl orange. 


25.17 Application: Sulfa Drugs 


Although they may seem quite unrelated, the synthesis of colored dyes led to the development 
of the first synthetic antibiotics. Much of the early effort in this field was done by the German 
chemist Paul Ehrlich, who worked with synthetic dyes and used them to stain tissues. This led 
him on a search for dyes that were lethal to bacteria without affecting other tissue cells, hoping 
that these dyes could treat bacterial infections. For many years this effort was unsuccessful. 


Then, in 1935, Gerhard Domagk, a German physician working for a dye manufacturer, first used a 
synthetic dye as a drug to kill bacteria. His daughter had contracted a streptococcal infection, and 
as she neared death, he gave her prontosil, an azo dye that inhibited the growth of certain bacteria 
in mice. His daughter recovered, and the modern era of synthetic antibiotics was initiated. For his 
pioneering work, Domagk was awarded the Nobel Prize in Physiology or Medicine in 1939. 


NH3 
q T 
HoN nen S-Ni —— HN) S-Ni 
oO O 
prontosil sulfanilamide 


active antibacterial agent 


Prontosil and other sulfur-containing antibiotics are collectively called sulfa drugs. Prontosil is 
not the active agent itself. In cells, it is metabolized to sulfanilamide, the active drug. To under- 
stand how sulfanilamide functions as an antibacterial agent we must examine folic acid, which 
microorganisms synthesize from p-aminobenzoic acid. 


ye OA 
N p 
H,N— —& CHa -N— 
P ‘OH PR O< N- CHCH,CH,COOH 


p-aminobenzoic acid folic acid H COOH 
PABA 
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Sulfanilamide and p-aminobenzoic acid are similar in size and shape and have related func- 
tional groups. Thus, when sulfanilamide is administered, bacteria attempt to use it in place 
of p-aminobenzoic acid to synthesize folic acid. Derailing folic acid synthesis means that the 
bacteria cannot grow and reproduce. Sulfanilamide only affects bacterial cells, though, because 
humans do not synthesize folic acid, and must obtain it from their diets. 


1°) fe) 
tl uf 
(0) OH 


sulfanilamide p-aminobenzoic acid 


These compounds are similar in size and shape. 


Many other compounds of similar structure have been prepared and are still widely used as anti- 
biotics. The structures of two other sulfa drugs are shown in Figure 25.13. 


Figure 25:13 9 AT 9 O~yN 
N S~ -N 
Two common sulfa drugs H2 <\; N W. Hn Ys N=, | 
fe) N fe) 
sulfamethoxazole sulfisoxazole 


e Sulfamethoxazole is the sulfa drug in Bactrim, and sulfisoxazole is sold as Gantrisin. Both drugs 
are commonly used in the treatment of ear and urinary tract infections. 


KEY CONCEPTS O 


Amines 


General Facts 
e Amines are organic nitrogen compounds having the general structure RNH3, ReNH, or RaN, with a lone pair of electrons on N (25.1). 
e Amines are named using the suffix -amine (25.3). 
e All amines have polar C- N bonds. Primary (1°) and 2° amines have polar N- H bonds and are capable of intermolecular hydrogen 
bonding (25.4). 
e The lone pair on N makes amines strong organic bases and nucleophiles (25.8). 


Summary of Spectroscopic Absorptions (25.5) 


Mass spectra Molecular ion Amines with an odd number of N atoms give an odd molecular ion. 
IR absorptions N-H 3300-3500 cm™ (two peaks for RNH>, one peak for R2NH) 
1H NMR absorptions NH 0.5-5 ppm (no splitting with adjacent protons) 
CH-N 2.3-3.0 ppm (deshielded C,,3— H) 
13C NMR absorption C-N 30-50 ppm 


Comparing the Basicity of Amines and Other Compounds (25.10) 
e Alkylamines (RNH2, R2NH, and R3N) are more basic than NH, because of the electron-donating R groups (25.10A). 
e Alkylamines (RNHz) are more basic than arylamines (CgHsNH2), which have a delocalized lone pair from the N atom (25.108). 
e Arylamines with electron-donor groups are more basic than arylamines with electron-withdrawing groups (25.108). 
e Alkylamines (RNH3) are more basic than amides (RCONH,), which have a delocalized lone pair from the N atom (25.100). 
e Aromatic heterocycles with a localized electron pair on N are more basic than those with a delocalized lone pair from the N atom 
(25.10D). 
e Alkylamines with a lone pair in an sp? hybrid orbital are more basic than those with a lone pair in an sp? hybrid orbital (25.10E). 
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Preparation of Amines (25.7) 
[1] Direct nucleophilic substitution with NH and amines (25.7A) 


R-X + WH, —— ` R-NH, | + NH+X 


excess : - 
1° amine 


quaternary 
ammonium salt 


[2] Gabriel synthesis (25.7A) 


te) 
-OH CO; 
R-X + N —$ HO RON, | + 
2 . ` = 
Sarat CO, 
Ò 1° amine 


[3] Reduction methods (25.7B) 
Ho, Pd-C or 


Fe, HCI or 
Sn, HCl 


a. From nitro compounds R-NO, 


mst [1] LiAIH, 

b. From nitriles —— 
[2] H2O 

(8) 


5 j A 1 
c. From amides R ^NR'; [2] HO 


R' = H or alkyl 


[4] Reductive amination (25.7C) 


Il [1] LiAIH, 


e The mechanism is Sy2. 

e The reaction works best for CH3X or RCH»X. 

e The reaction works best to prepare 1° amines 
and quaternary ammonium salts. 


e The mechanism is Sy2. 
¢ The reaction works best for CH3X or RCH>X. 
e Only 1° amines can be prepared. 


~ R-NH, 


1° amine 


| R-CH,NH, | 


1° amine 


| RCH,—N-R’ 
R' 


1°, 2°, and 3° amines 


e Reductive amination adds one alkyl group (from 
an aldehyde or ketone) to a nitrogen nucleophile. 


R NaBH,CN 
e Primary (1°), 2°, and 3° amines can be prepared. 


y 
C=O + R'3;NH ——— 

p 

R', R" =H or alkyl 


1°, 2°, and 3° amines 


Reactions of Amines 


[1] Reaction as a base (25.9) 


. toa + 
R-NH, + H-A == R-NH, + [A 


[2] Nucleophilic addition to aldehydes and ketones (25.11) 


With 1° amines: With 2° amines: 


? VF i Ne 
R'NH R'.NH 
SOL eg ACH A H = c 
R Pie t R Leah, 
R =H or alkyl TINE R =H or alkyl enamine 


Key Concepts 


[3] Nucleophilic substitution with acid chlorides and anhydrides (25.11) 


iI ? 
C + PAH — Cae 
RA (2 equiv) RI ONR 
Z = Cl or OCOR 1°, 2°, and 3° amides 


R' = H or alkyl 
[4] Hofmann elimination (25.12) 
[1] CH3I (excess 


|] 
-0 [2] Ag0O 
H NH fa 


e The less substituted alkene 
is the major product. 


[5] Reaction with nitrous acid (25.13) 
With 1° amines: With 2° amines: 


NaNO, z NaNO, 
R-N ——$ RONEN: Cr RH — 
R 


alkyl diazonium salt 


N-nitrosamine 


Reactions of Diazonium Salts 
[1] Substitution reactions (25.14) 


With H20: With Cux: With HBF,: 
N+ CI- OH X F 
bhm 1 IC io 
phenol aryl chloride or aryl fluoride 
aryl bromide 
X = Cl or Br 
With Nal or KI: With CuCN: With H3PO2: 
on Q i (on 
aryl iodide benzonitrile benzene 


[2] Coupling to form azo compounds (25.15) 


Owe O — (Coes: * 


Y = NH3, NHR, NR3, OH azo compound 
(a strong electron- 
donor group) 
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PROBLEMS aa 


Problems Using Three-Dimensional Models 


25.39 Give a systematic or common name for each compound. 


a F T 

a a @ ; » 

Cr at A 
d w PTa 2 


2 


25.40 Which compound is the stronger base? 
v w = 
o Č, 6 Č 
Oe ti 
o 9 e 92 
v 4 w be -7 oO e, < 
7] x 4 = 
A B 


25.41 Varenicline (trade name Chantix) is a drug used to help smokers quit their habit. (a) Which N atom in varenicline is most basic? 
Explain your choice. (b) What product is formed when varenicline is treated with HCI? 


A 


ii e ~ @v 
. @ 2. 
oe 8 eR, 
wf 
varenicline 


Nomenclature 


25.42 Give a systematic or common name for each compound. 


a. CHNHCHCH2CH2CH3 e. (CgHs)o2NH h. L onon, 
H 
AS’ NAE OES F 
b. NH» f. C J ocn i. CH sCH,CH»CH(NH»)CH(CH3), 
CH,CH, 


Ps 
c. (YH g. o= Ynn j. NH, 
CH»CH,CH, 


d. (CHgCH,CH,)3N 


25.43 Draw the structure that corresponds to each name. 


a. cyclobutylamine e. N-methylpyrrole i. 2-sec-butylpiperidine 
b. N-isobutylcyclopentylamine f. N-methylcyclopentylamine j. (2S)-2-heptanamine 
c. tri-tert-butylamine g. cis-2-aminocyclohexanol 

d. N,N-diisopropylaniline h. 3-methyl-2-hexanamine 


25.44 Draw all constitutional isomers of molecular formula C4H;;N, and give an acceptable name for each amine. 


Chiral Compounds 


25.45 How many stereogenic centers are present in each compound? Draw all possible stereoisomers. 


CH,CH, 
-CH3 le 
a N b. CH3CH2ÇHCH;CH2CH;—N—CH2CHCHzCHa 
CH2CH3 CH3 CHa 


cr 


Problems 


Basicity 
25.46 Which compound in each pair is the stronger base? 
SS 
a. (CHsCH2)NH or || b. (CHgCHs)2NH or (CICH»CHs)oNH 
LA 
N 


25.47 Rank the compounds in each group in order of increasing basicity. 


NH, NH» NH3 
o O O UO O 
ON CH3 cl 
SS 
b. © OCO OS d. CgHsNHz  (CgHs)oNH (aw, 
N N N 
H 


25.48 How does the pK, of the conjugate acid of benzylamine (CgH;CH,NH,) compare to the pKa’s of the conjugate acids of 
cyclohexanamine (10.7) and aniline (4.6)? Explain your choice. 


25.49 Decide which N atom in each molecule is most basic and draw the product formed when each compound is treated with 
CH3CO2H. Benazepril (trade name Lotensin) is a B blocker used to treat high blood pressure and congestive heart failure. 
Abilify is the trade name for aripiprazole, a drug used to treat depression, schizophrenia, and bipolar disorders. 


e: = ‘ Cl Cl 
a. NH b. \ y On 
NH N 
N “O 
CH2C0O;H O aripiprazole 
benazepril 


25.50 Rank the nitrogen atoms in each compound in order of increasing basicity. Isoniazid is a drug used to treat tuberculosis, 
whereas histamine (Section 25.6B) causes the runny nose and watery eyes associated with allergies. 


(0) 
é N NH2 
a f NY NHNH, b. 4 y~ 
j N 


aA 
isoniazid histamine 


25.51 Explain why m-nitroaniline is a stronger base than p-nitroaniline. 


25.52 Explain the observed difference in the pK, values of the conjugate acids of amines A and B. 


Ons CO 


A B 
pk,= 5.2 pK, = 7.29 
25.53 Why is pyrrole more acidic than pyrrolidine? 

-aii 

O Os 
Z 
pyrrole pyrrolidine 

pk, =23 pKa = 44 


Preparation of Amines 

25.54 How would you prepare 3-phenyl-1-propanamine (CgH;CH2CH2CH2NHz) from each compound? 
a. CsH5CH2CH2CH2Br C. CsHsCH2CH2CH2NO; e. CsHsCH2CH CHO 
b. CgHsCH2CH2Br d. CsH5CH2CHCONH3 
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25.55 What amide(s) can be used to prepare each amine by reduction? 


H 
Bi A 
a. (CH3CH2)2NH b ALN eA N(CH) d. 


25.56 What carbonyl and nitrogen compounds are needed to make each compound by reductive amination? When more than one set 
of starting materials is possible, give all possible methods. 


H 
a. ATA b. ANNAN AoH, © (CHsCH2CHa)2N(CH,)2CH(CHa)2 d. OT a 


25.57 Draw the product of each reductive amination reaction. 


BORIS 

a. Q He cman te c. GH ~~ eHO ae: a 
i NaBH,CN NaBH3CN 
O 
(CHa)2NH Cte 
32! 
b; —— z eE E 
(0 NaBHCN a ie NaBH,CN 
25.58 How would you prepare benzylamine (CgHs;CH2NH;) from each compound? In some cases, more than one step is required. 

a. CgHsCH.Br C. Cs HsCONH3 e. CgHsCH3 g. CgHsNHo 
b. CgHsCN d. CgHsCHO f. CgH;COOH h. benzene 


Extraction 
25.59 How would you separate toluene (CgH;CHs), benzoic acid (Cs; H;COOH), and aniline (CgH3NH;) by an extraction procedure? 


Reactions 

25.60 What products are formed when N-ethylaniline (Cg H3;NHCH2CHs) is treated with each reagent? 
a. HCl e. CHglI (excess) h. The product in (g), then HNO3, H280, 
b. CHCOOH f. CHglI (excess), followed by AgO and A i. The product in (g), then [1] LiAIH,; [2] H2O 
c. (CHg)2.C =O g. CH3;CH,COCI j. The product in (h), then Hz, Pd-C 


d. CH20, NaBH3CN 
25.61 Draw the products formed when p-methylaniline (o-CH3CgH,NH,) is treated with each reagent. 


a. HCI e. (CH,),C=0 h. NaNO,, HCI 
b. CHsCOCI f. CHCOCI, AlCl i. Step (b), then CH3COCI, AICl, 
c. (CHgCO).0 g. CHCOOH j. CHaCHO, NaBH,CN 


d. excess CH,I 


25.62 Draw the products formed when each amine is treated with [1] CH3I (excess); [2] Ag20; [3] A. Indicate the major product when a 
mixture results. 


Me CHa 
a. CH3(CHs)gNH» b. aki ol c ~N d. e. 
H NH, N 


25.63 What reagents are needed to convert acetophenone (CsHs;COCHs) into each compound? In some cases, more than one step is 
required. 
N(CH)» NH2 OH 
a. c. e. A nHcH 
CH5 C6H5 C6H5 : 
(0) 
b. at d. Ceh f NHCH,CH,CH»CHg 


CgHs ONCH CH;CH3 ` Geli 
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25.64 Answer the following questions about benzphetamine, a habit-forming diet pill sold under the trade name Didrex. 


tO a. Label the stereogenic center(s). 
N b. What amide(s) can be reduced to form benzphetamine? 
c. What carbonyl compound and amine can be used to make benzphetamine by reductive 
LIT amination? Draw all possible methods. 
d. What products are formed by Hofmann elimination from benzphetamine? Label the major 


benzphetamine product. 


25.65 Draw the organic products formed in each reaction. 


NH 
a. Fes sess f. CgHsCHsCH,NH, + (CgHsCO),0 
(2 equiv) 


(KOH NaNO; 
b. [2] (CHa)2CHCH;CI 9: [O HCI 
[3] “OH, H,O 


NaBH,CN 


NH + CgH,CHO 


i [1] LiAIH, 
i 2I HO j + D o ar 
N 
H 


CONHCH,CH UD aa + CHaCH»CH»—N—CH(CH [1] CHal (excess) 
: CHo TAHO E CHACHO AOMC iago 
[3] A 


25.66 What is the = Hofmann elimination product formed from each amine? 
NHə CsHs 


G sH 5 b H CH3 ” C H3 H 
CH2CH3 CH5 C(CH)g (CHg)3C NH2 


C(CH3)3 CHCH; CHCH} 


25.67 Identify the intermediates (A-C) in the following reaction sequence, which was used to prepare racemic ofloxacin. One 
enantiomer of the product, levofloxacin, is an antibiotic used to treat severe bacterial infections that have not responded to 
other drugs. 


16) 


Cl 
i KOH AD Ho z 
DMSO KI, K CO3 Ni catalyst several steps 
F NO, F NH 
not isolated 
F 10) 
Oo 


Sor 


ofloxacin 


25.68 Draw the product formed when A is treated with each reagent. 


ca a HO e. CuCN h. CeHsNH> 
Cr ob, HPO; f. HBF, i. CgHsOH 
c. CuCl g. Nal j. KI 
ct A d. CuBr 


25.69 Achiral amine A having the R configuration undergoes Hofmann elimination to form an alkene B as the major product. B is 
oxidatively cleaved with ozone, followed by CH3SCHs, to form CH2= 0O and CH3CHsCHsCHO. What are the structures of A and B? 
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Mechanism 


25.70 Draw a stepwise mechanism for each reaction. 


NaOH l 3 


N + HO + NaBr 
CH2CH, 


H 
k = NaBH, N F 
, CH;0H ae 
NH 


2 


a. vow Br + CH3CH2NH3 
Br 


25.71 Draw a stepwise mechanism for the following reaction. 
OH OH 


HN H,C=O N 


mild acid + HO 


25.72 Alkyl diazonium salts are unstable even at low temperature. They decompose to form carbocations, which go on to form 
products of substitution, elimination, and (sometimes) rearrangement. Keeping this in mind, draw a stepwise mechanism that 
forms all of the following products. 


NaNO, OH 
X HOI, HO” X n CJ * 
NH, OH 


25.73 Tertiary (3°) aromatic amines react with NaNO, and HCI to afford products of electrophilic aromatic substitution. Draw a 
stepwise mechanism for this nitrosation reaction and explain why it occurs only on benzene rings with strong ortho, para 


activating groups. 
[1] NaNO,, HCI 


Synthesis 


25.74 Devise a stepwise reaction sequence to convert 4-phenyl-2-butanone (PhCH2zCH2COCHs,) into each alkene: 
(a) PhRCHsCH2CH = CH3; (b) PhCHCH = CHCH3. 


25.75 Devise a synthesis of each compound from benzene. You may use any other organic or inorganic reagents. 


QA y 

æ Br NHCOCH, c. CY e. Ho \—coon 
OH 

b. {or d. X f C Yn oH 
Br 


25.76 Devise a synthesis of each compound from aniline (CgH;NH2) as starting material. 


CH; Br HO 


CONHCH, 
a. Cy b. c. Br CH,OH d. € \-en 


Br 
Br CH3 


25.77 Devise at least three different methods to prepare N-methylbenzylamine (PhCH2NHCHs) from benzene, any one-carbon organic 
compounds, and any required reagents. 


Problems 1039 


25.78 Safrole, which is isolated from sassafras (Problem 21.33), can be converted to the illegal stimulant MDMA 
(3,4-methylenedioxymethamphetamine, “Ecstasy”) by a variety of methods. (a) Devise a synthesis that begins with safrole 
and uses a nucleophilic substitution reaction to introduce the amine. (b) Devise a synthesis that begins with safrole and uses 
reductive amination to introduce the amine. 


O O A 
a NHCH3 N rbi 


MDMA safrole 


25.79 Devise a synthesis of the hallucinogen mescaline (Section 25.6) from each starting material. 


CHO Nea CH30 CH; CH;0 
CH30 ee o i E I ae a 
CHO CH;O CH,O CH,O 
mescaline 


25.80 Synthesize each compound from benzene. Use a diazonium salt as one of the synthetic intermediates. 


COOH 
a. >j rs o JoHN e. oe aa 
Cl 


Br 
OH Cl 
b. d. onc coor f. O-O 
i a Cl 
25.81 Devise a synthesis of each biologically active compound from benzene. 
OH 
NHCH, 
seer acetaminophen pseudoephedrine 
(herbicide) (analgesic) (nasal decongestant) 
25.82 Devise a synthesis of each compound from benzene, any organic alcohols having three carbons or fewer, and any required 
reagents. 
Br. 
NH3 O 
a. CH30 c. TARDI e. r< )<4 
-O 
Br 


Q CH ~NH O 
b. NH, d. (CHg)2CHNH COCH f. 


Spectroscopy 


25.83 Draw the structures of the eight isomeric amines that have a molecular ion in the mass spectrum at m/z = 87 and show two 
peaks in their IR spectra at 3300-3500 cm”. 
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25.84 Three isomeric compounds, A, B, and C, all have molecular formula CgH;;N. The 'H NMR and IR spectral data of A, B, and C 
are given below. What are their structures? 


Compound A: IR peak at 3400 cm Compound B: IR peak at 3310 cm™ 


1H NMR of A 1H NMR of B 


ppm 
Compound C: IR peaks at 3430 and 3350 cm 


1H NMR of C 


25.85 Treatment of compound D with LiAIH, followed by H2O forms compound E. D shows a molecular ion in its mass spectrum at 
m/z = 71 and IR absorptions at 3600-3200 and 2263 cm”. E shows a molecular ion in its mass spectrum at m/z = 75 and IR 
absorptions at 3636 and 3600-3200 cm”. Propose structures for D and E from these data and the given 'H NMR spectra. 


1H NMR of D 1H NMR of E 
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[3] Wohl degradation (28.10A) 


3 CHO e The C1- C2 bond is cleaved to shorten an aldose chain by 
This C-C bond ——7> OH b 
is cleaved. CHO one carbon. 
[1] NH2OH è The stereochemistry at all other stereogenic centers is 
[2] Ac20, NaOAc retained. 
[3] NaOCH3 e Two epimers at C2 form the same product. 
CHOH CHOH 


[4] Kiliani-Fischer synthesis (28.10B) 


CHO CHO 
CHO H OH HO H 
[1] NaCN, HCI e One carbon is added to the aldehyde end of an aldose. 
Ee Nii ak ob 
[2] H2, Pd-BaSO, e Two epimers at C2 are formed. 
[3] Hj0* 
CH,OH CHOH CHOH 


Other Reactions 
[1] Hydrolysis of disaccharides (28.12) 


16) 
H,0* Q (0) 
-= + OH 
This bond is cleaved. SS O, VS ae 


A mixture of anomers is formed. 


[2] Formation of — (28.14B) 
CHOH o CH20H 4 CH20H o 


| N- Vo j mild att N Pha’ KE - “a e Two anomers are formed. 


PROBLEMS a —— COC 


Problems Using Three-Dimensional Models 


28.37 Convert each ball-and-stick model to a Fischer projection. 
w w x w 
o è o, a A 
% % v 39 g9 Se a 
w 


28.38 (a) Convert each cyclic monosaccharide into a Fischer projection of its acyclic form. (b) Name each monosaccharide. (c) Label 
the anomer as o or ß. 
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Fischer Projections 


28.39 Classify each compound as identical to A or its enantiomer. 


CHO H H OH CHO 
H—+-OH CHCH Ĉ—OH b a wa Y da È 
a. =— Ca , % c ; tni 
e H OH CH;CH/ “CHO HO~~\'CH2CHs 
CH,CHg CHO j 
A 
28.40 Convert each compound to a Fischer projection and label each stereogenic center as R or S. 
Ghis 
COOH SHN OCH2CH3 H=C—=Br CH, H ö 
: = I \ «Br 
a. CH3=-C—Br (oy C e. Ci=-C—aH š ‚O= 
gg- CH5 ~CH2CH, : 9 wy A 
H CH2CH3 Br CH, 
7 al H gl HO H HOH 
b. CHa"! CCI d. Can, fi se—C,, h. HO. x 
me CH3CH7 Se By WH < CHO 
H CI Br HO H 


Monosaccharide Structure and Stereochemistry 


28.41 
28.42 


28.43 


28.44 


28.45 


28.46 


Draw the C4 epimer of D-xylose and name the monosaccharide. 


For D-arabinose: 
a. Draw its enantiomer. 
b. Draw an epimer at C3. 


c. Draw a diastereomer that is not an epimer. 
d. Draw a constitutional isomer that still contains a carbonyl group. 


Consider the following six — wer 


CHO CHOH 
HO O 
C= CHOH HO OH 
H OH 
H O, OH HO o 
H OH H ony] ‘ide 
HO = 

H OH an ‘4 

heer "Tua gam gi e bu i 

A B e D E F 


How are the two compounds in each pair related? Choose from enantiomers, epimers, diastereomers but not epimers, 
constitutional isomers, and identical compounds. 
a. Aand B b. Aand C c. BandC d. Aand D 


Consider the monosaccharide aldopentoses A and B, drawn below. 


H OH 
OH H H O, H 
OH H OH H 
H O OH OH OH 
H OH 


A 


e. E and F 


a. Which of the following terms describe A and B: epimers, anomers, 
enantiomers, diastereomers, and reducing sugars? 
b. Draw the acyclic form of both A and B, and name each compound. 


Draw a Haworth projection for each compound using the structures in Figures 28.4 and 28.5. 


a. B-D-talopyranose b. B-D-mannopyranose c. œ-D-galactopyranose d. a-D-ribofuranose e. œ-D-tagatofuranose 


Draw both pyranose anomers of each aldohexose using a three-dimensional representation with a chair pyranose. Label each 
anomer as o or B. 


CHO CHO CHO 

a. HO H be. H OH c. HO H 
HO H H OH H——OH 

HO H HO H HO H 
H OH H OH H OH 
CHOH CHOH CHOH 
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28.47 Convert each cyclic monosaccharide into its acyclic form. 


CHOH 
OH 
H 
a H H 
H 
H OH 


OH 


HO 
-O 


OH 


OH 


OH 


f. HO Q 
OH HO 
HO HO 


28.48 D-Arabinose can exist in both pyranose and furanose forms. 
a. Draw the « and B anomers of D-arabinofuranose. 
b. Draw the o and B anomers of D-arabinopyranose. 


28.49 The most stable conformation of the pyranose ring of most D-aldohexoses places the largest group, CHOH, in the equatorial 
position. An exception to this is the aldohexose D-idose. Draw the two possible chair conformations of either the a or B anomer 
of D-idose. Explain why the more stable conformation has the CH2OH group in the axial position. 


Monosaccharide Reactions 
28.50 Draw the products formed when a-D-gulose is treated with each reagent. 


HO on 


OH OH 
D-gulose 


28.51 
CHO 


H OH 


CH,0H 
D-altrose 


a. CHglI, AgzO 

b. CH30H, HCI 

C. CegHsCH,Cl, Ag20 
d. CgHsCH2OH, HCI 
e. Ac20, pyridine 


. CHOH, HCI 

. (CH3)2CHOH, HCI 
. NaBHy, CHOH 

. Bro, H2O 

. HNO3, H20 


onaQano.n 


CsHsCOCI, pyridine 

The product in (a), then H30* 

The product in (b), then AczO, pyridine 
The product in (g), then CgHsCH2Cl, AgO 
The product in (d), then CH3I, Ag2O 


iS es e a 


Draw the products formed when D-altrose is treated with each reagent. 


f. [1] NH2OH; [2] (CH3CO)20, NaOCOCHs; [3] NaOCH3 
g. [1] NaCN, HCl; [2] Hz, Pd-BaSO,; [3] H30* 

h. CHsgl, Ag20 

Ac,0O, pyridine 

CgHsCH2NHp, mild H* 


ü a 


28.52 What aglycon and monosaccharides are formed when salicin and solanine (Section 28.7C) are each hydrolyzed with aqueous 


acid? 


28.53 What two aldohexoses yield D-arabinose upon Wohl degradation? 


28.54 What products are formed when each compound is subjected to a Kiliani-Fischer synthesis? 


CHO 


CHO 

HO H 

HO H 

HO H 
H OH 


CH,OH 
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28.55 How would you convert D-glucose into each compound? More than one step is required. 


OCHsCH, CHOCH; COOH 
a. onono nÂ A b.  H—— OCh; c, H——OAc 
crete orc. et aco i 
+ o anomer H OCH; H OAc 
H—1—OCH, H——OAc 
CH,OCH, CH2OAc 


28.56 Which D-aldopentoses are reduced to optically inactive alditols using NaBH,4, CH3OH? 


28.57 What products are formed when each compound is treated with aqueous acid? 


OH OCH, 
a 5 HO. HOCH, 9 NHCH,CH, 
a. OCH, b. HO Cc: K J 
OH 
OH 


OH OCH,CH, OH. Si 
Mechanisms 


28.58 Draw a stepwise mechanism for the acid-catalyzed interconversion of two glucose anomers by mutarotation. 


OH OH 
Q H30* Q 
PEA a i g 
OH 


HO 
OH 
28.59 Draw a stepwise mechanism for the following reaction. 
OH 
CH 
CeH5CHO e's (6) 
HO ce) — a aaa + H,O 
HO OCH; HO OCH; 
OH OH 


28.60 Draw a stepwise mechanism for the following hydrolysis. 


OH 


28.61 In the oxidation of D-allose to D-allonic acid, a lactone having the general structure A is isolated. Draw a stepwise mechanism to 


account for the formation of A. Use wedges and dashes to indicate the stereochemistry of all stereogenic centers in A. 


COOH “ 

H OH 
HO. 
H OH fe) 
H OH i OH 
H OH 
CHOH i 
2 A 


D-allonic acid 


Problems 1145 


28.62 The following isomerization reaction, drawn using D-glucose as starting material, occurs with all aldohexoses in the presence of 


base. Draw a stepwise mechanism that illustrates how each compound is formed. 


CHO CHO CHO CH,OH 
H OH H OH HO H C=O 
HO H “OH HO H m HO H y% HO H 
H OH H2 H OH H—— OH H——OH 
H OH H OH H OH H OH 
CHOH CHOH CHOH CHOH 
D-glucose (recovered 


starting material) 


Identifying Monosaccharides 


28.63 


28.64 
28.65 


28.66 


28.67 


Which D-aldopentose is oxidized to an optically active aldaric acid and undergoes the Wohl degradation to yield a 
D-aldotetrose that is oxidized to an optically active aldaric acid? 


What other 0-aldopentose forms the same alditol as D-arabinose when reduced with NaBH; in CH30H? 


Identify compounds A-D. A D-aldopentose A is oxidized with HNO; to an optically inactive aldaric acid B. A undergoes the 
Kiliani-Fischer synthesis to yield C and D. C is oxidized to an optically active aldaric acid. D is oxidized to an optically inactive 
aldaric acid. 


A D-aldopentose A is reduced to an optically active alditol. Upon Kiliani-Fischer synthesis, A is converted to two 
D-aldohexoses, B and C. B is oxidized to an optically inactive aldaric acid. C is oxidized to an optically active aldaric acid. What 
are the structures of A-C? 


A D-aldohexose A is reduced to an optically active aldito! B using NaBH, in CH3OH. A is converted by Wohl degradation to an 
aldopentose C, which is reduced to an optically inactive alditol D. C is converted by Wohl degradation to aldotetrose E, which is 
oxidized to an optically active aldaric acid F. When the two ends of aldohexose A are interconverted, a different aldohexose G is 
obtained. What are the structures of A-G? 


Disaccharides and Polysaccharides 


28.68 
28.69 
28.70 


Draw the structure of a disaccharide formed from two galactose units joined by a 1>4-f-glycosidic linkage, 
Draw the structure of a disaccharide formed from two mannose units joined by a 1>4-a-glycosidic linkage. 


Identify the lettered compounds in the following reactions. 
OH a 


sae WoO" B+ + CHOH 
H ~Ag,0 3 
(Both anomers of B and C are formed.) 

OH _OH 

(0) 

b re. ig L a F + CL 
: Rae es + + 
HO Ag20 3 
hO O HO (Both anomers of E and F are formed.) 
-0 
HO 
HO 
OH 


28.71 For each disaccharide in Problem 28.70: 


a. Identify the glycosidic linkage. 
b. Classify the glycosidic bond as œ or B and use numbers to designate its location. 
c. Classify each disaccharide as reducing or nonreducing. 
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28.72 Consider the tetrasaccharide stachyose drawn below. Stachyose is found in white jasmine, soybeans, and lentils. Because 
humans cannot digest it, its consumption causes flatulence. 


a. Label all glycoside bonds. 

b. Classify each glycosidic linkage as œ or B and use numbers to 
designate its location between two rings (e.g., 1—4-ß). 

c. What products are formed when stachyose is hydrolyzed with H30*? 

. Is stachyose a reducing sugar? 

e. What product is formed when stachyose is treated with excess CHsgl, 
Ag20? 

f. What products are formed when the product in (e) is treated with 
HzO*? 


Q 


28.73 Deduce the structure of the disaccharide isomaltose from the following data. 
[1] Hydrolysis yields D-glucose exclusively. 
[2] Isomaltose is cleaved with a-glycosidase enzymes. 
[3] Isomaltose is a reducing sugar. 
[4] Methylation with excess CH3I, AgsO and then hydrolysis with H30* forms two products: 


OCH; OH 
CH,0 Q CH,0 Q (Both anomers are present.) 
OCH, OCH, 


28.74 Deduce the structure of the disaccharide trehalose from the following data. Trehalose is the “blood sugar” of the insect world. It 
is found in bacterial spores, fungi, and many insects whose natural environment has large variations in temperature. 


[1] Hydrolysis yields D-glucose exclusively. 
[2] Trehalose is hydrolyzed by a-glycosidase enzymes. 
[3] Trehalose is a nonreducing sugar. 


ethylation with excess CHsI, AgzO, followed by hydrolysis with HzO", forms only one product: 
[4] Methylati ith CHsgI, A920, foll d by hydrolysis with H30*, f | d 


OCH, 
10) 
CH,0 (both anomers) 
OCH; 


28.75 Draw the structure of each of the following compounds: 
a. a polysaccharide formed by joining D-glucosamine in 136-a-glycosidic linkages 
b. a disaccharide formed by joining D-mannose and D-glucose in a 1->4-B-glycosidic linkage using mannose’s anomeric 
carbon 


c. an a-N-glycoside formed from D-arabinose and CgHsCH2NH2 
d. aribonucleoside formed from D-ribose and thymine 


Problems 1147 


Challenge Problems 


28.76 (a) Draw the more stable chair form of fucose, an essential monosaccharide needed in the diet and a component of 
carbohydrates on mammalian and plant cell surfaces. (b) Classify fucose as a D- or L-monosaccharide. (c) What two structural 
features are unusual in fucose? 


(9) H OH HO H 
H = % 
H OHHO H 
fucose 
28.77 As we have seen in Chapter 28, monosaccharides can be drawn in a variety of ways, and in truth, often a mixture of cyclic 


compounds is present in a solution. Identify each monosaccharide, including its proper D,L designation, drawn in a less-than- 
typical fashion. 


HO 
OH 6 OH 
a. OH b. HO c. HOny OH d. HO 
GLa NA o “Ze a Ton 
HOOH OH OH OH 
OH 
28.78 Draw a stepwise mechanism for the following reaction. 
CH Q 
CHOH = X 
a T ok Gen a 
OH H a (2 equiv) 
OH OH H* 
H OH HO H O 


28.79 Deduce the structure of the trisaccharide (X) from the given information. 


[1] Methylation with excess CHgI, Ag2O and then hydrolysis with H,0* forms three products. 


CHO „OCH; CHO CHa? OCH; OH 
CH,O CH,O 
3 OH dos OH 


OCH, OCH; 
2,3,4,6-tetra-O-methyl- 1,3,6-tri-O-methyl-b-fructose 2,3,4-tri-O-methyl-p-glucose 
D-galactose 


(Both anomers of each compound are formed.) 


[2] X is cleaved with a B-glycosidase enzyme to give a disaccharide and D-galactose. 


[3] X is cleaved with an a-glycosidase enzyme to give a disaccharide and D-fructose. 


29 


29.1 
29.2 
29.3 
29.4 


29.5 
29.6 
29.7 
29.8 


29.9 


29.10 Important proteins 
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Amino acids 
Synthesis of amino acids 
Separation of amino acids 


Enantioselective 
synthesis of amino acids 


Peptides 
Peptide sequencing 
Peptide synthesis 


Automated peptide 
synthesis 
Protein structure 


Myoglobin is a globular protein that contains 153 amino acids joined together, as well as a non- 
protein portion called a heme unit. The heme group consists of a large nitrogen heterocycle 
complexed with the Fe** cation. The Fe** cation binds oxygen in the blood and stores it in tissues. 
Whales have a particularly high myoglobin concentration in their muscles. It serves as an oxygen 
reservoir for the whale while it is submerged for long periods of time. In Chapter 29, we discuss 
the properties of proteins and the amino acids from which they are synthesized. 


29.1 


Amino acids were first 
discussed in Section 19.14. 


29.1A 


Figure 29.1 


The general features of 
an -amino acid 
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Of the four major groups of biomolecules—lipids, carbohydrates, nucleic acids, and 
proteins—proteins have the widest array of functions. Keratin and collagen, for example, are 
part of a large group of structural proteins that form long insoluble fibers, giving strength and 
support to tissues. Hair, horns, hooves, and fingernails are all made up of keratin. Collagen is 
found in bone, connective tissue, tendons, and cartilage. Enzymes are proteins that catalyze and 
regulate all aspects of cellular function. Membrane proteins transport small organic molecules 
and ions across cell membranes. Insulin, the hormone that regulates blood glucose levels, 
fibrinogen and thrombin, which form blood clots, and hemoglobin, which transports oxygen 
from the lungs to tissues, are all proteins. 


In Chapter 29 we discuss proteins and their primary components, the amino acids. 


Amino Acids 


Naturally occurring amino acids have an amino group (NH;) bonded to the o carbon of a carboxy 
group (COOH), and so they are called &-amino acids. 


e All proteins are polyamides formed by joining amino acids together. 


(©) R H 1@) R H 
GOOH A i 
HaN-ÇZH eý N N ae 
R `a carbon R V fo) R 4 O 
a-amino acid 


portion of a protein molecule 


General Features of «-Amino Acids 


The 20 amino acids that occur naturally in proteins differ in the identity of the R group bonded 
to the & carbon. The R group is called the side chain of the amino acid. 


The simplest amino acid, called glycine, has R = H. All other amino acids (R # H) have a ste- 
reogenic center on the œ carbon. As is true for monosaccharides, the prefixes D and L are used 
to designate the configuration at the stereogenic center of amino acids. Common, naturally occur- 
ring amino acids are called L-amino acids. Their enantiomers, D-amino acids, are rarely found 
in nature. These general structures are shown in Figure 29.1. According to R,S designations, all 
L-amino acids except cysteine have the S configuration. 


All amino acids have common names. These names can be represented by either a one-letter 
or a three-letter abbreviation. Figure 29.2 is a listing of the 20 naturally occurring amino acids, 
together with their abbreviations. Note the variability in the R groups. A side chain can be a 
simple alkyl group, or it can have additional functional groups such as OH, SH, COOH, or NH). 


e Amino acids with an additional COOH group in the side chain are called acidic amino 
acids. 

e Those with an additional basic N atom in the side chain are called basic amino acids. 

e All others are neutral amino acids. 


| Simplest amino acid, | R=H | | Two possible enantiomers when R #H 


coo ik ik 
Hj)N-C-H weld Cin, 
| BYP SS, a“ 'R 
y ri COOH HOOC Xa 
glycine L-amino acid p-amino acid 


no stereogenic centers 
Only this isomer 
occurs in proteins. 
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Figure 29.2 The 20 naturally occurring amino acids 


Neutral amino acids 


Name 


Alanine 


Asparagine 


Cysteine 


Glutamine 


Glycine 


lsoleucine* 


Leucine* 


Methionine* 


Structure 


Acidic amino acids 


Name 


Aspartic acid 


Structure 


Glutamic acid et. Ox 


Essential amino acids are labeled with an asterisk (*). 


HoN H 


Abbreviations Name Structure 
(6) 
pi 
Ala A Phenylalanine* < “OH 
HN H 
O 
i 
: C, 
Asn N Proline < OH 
N > 
H H 
Cys C Serine 
Gin Q Threonine* 
Gly G Tryptophan* 
(6) 
iI 
Cy 
Ile I Tyrosine Í x> `OH 
A HaN H 
HO” ~~ 
(0) 
ll 
Leu L Valine* c CN ou 
HN H 
Met M 
Basic amino acids 
Abbreviations Name Structure 
NH O 
é é 
Asp D Arginine* HN N 7 OR 
j HN H 
(8) 
il 
Glu E Histidine* nS 3 C~ oH 
inn HN H 
(8) 
I 
Lysine* HN 2 elt 
HN H 


Abbreviations 


Phe F 


Pro P 


Ser S 


Thr T 


Trp W 


Tyr Y 


Val V 


Abbreviations 


Arg R 


His H 


Lys K 


tUe scrice 


LLEUCINE 


The essential amino acid 
leucine is sold as a dietary 
supplement that is used by 
body builders to help prevent 
muscle loss and heal muscle 
tissue after injury. 


Figure 29.3 
How the charge of a neutral 
amino acid depends on the pH 
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Look closely at the structures of proline, isoleucine, and threonine. 
e All amino acids are 1° amines except for proline, which has its N atom in a five-membered 
ring, making it a 2° amine. 
e Isoleucine and threonine contain an additional stereogenic center at the B carbon, so there 
are four possible stereoisomers, only one of which is naturally occurring. 


uP carbon H GHs 9 HQ H Q 
[o0 Son Ay SoH 
N p $ 
H 2° amine HN H HN H 
L-proline L-isoleucine L-threonine 


[* denotes a stereogenic center.] 


Humans can synthesize only 10 of these 20 amino acids. The remaining 10 are called essential 
amino acids because they must be obtained from the diet. These are labeled with an asterisk in 
Figure 29.2, 

Problems 29.1 Draw the other three stereoisomers of L-isoleucine, and label the stereogenic 
centers as R or S. 


29.1B Acid-Base Behavior 


Recall from Section 19.14B that an amino acid has both an acidic and a basic functional group, 
so proton transfer forms a salt called a zwitterion. 


an acid ammonium cation 


abase COOH | COO-+— carboxylate anion 
wW l proton transfer aM 
HAC = HH 
R R 
The zwitterion is neutral. 


This neutral form of an amino This salt is the neutral 
acid does not really exist. form of an amino acid. 


This form exists at pH = 6. 


e Amino acids do not exist to any appreciable extent as uncharged neutral compounds. 
They exist as salts, giving them high melting points and making them water soluble. 


Amino acids exist in different charged forms, as shown in Figure 29.3, depending on the pH of 
the aqueous solution in which they are dissolved. For neutral amino acids, the overall charge is 
+1, 0, or -1. Only at pH ~6 does the zwitterionic form exist. 


The —COOH and —NH;* groups of an amino acid are ionizable, because they can lose a proton 
in aqueous solution. As a result, they have different pK, values. The pK, of the -COOH group 
is typically ~2, whereas that of the -NH;* group is ~9, as shown in Table 29.1. 


Some amino acids, such as aspartic acid and lysine, have acidic or basic side chains. These addi- 
tional ionizable groups complicate somewhat the acid—base behavior of these amino acids. Table 
29.1 lists the pK, values for these acidic and basic side chains as well. 


ner PH 


COOH COO- COO 
+ | o- + | HO- | 
H3N-C—H =— H,N-C-H <— H,N-C-H 
l Ht | H+ | 
R R 
overall (+1) charge neutral overall (—1) charge 


pH=2 pH =6 pH = 10 
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Table 29.1 pK, Values for the lonizable Functional Groups of an o-Amino Acid 


Amino acid o-COOH a-NH,* Side chain pl 
Alanine 2.85 9.87 — en 
Arginine 2.01 9.04 12.48 10.76 
Asparagine 2.02 8.80 = 5.41 
Aspartic acid 2.10 9.82 3.86 2.98 
Cysteine 2.05 10.25 8.00 5.02 
Glutamic acid 2.10 9.47 4.07 3.08 
Glutamine 2.17 9.13 = 5.65 
Glycine 2.35 9.78 — 6.06 
Histidine 177 9.18 6.10 7.64 
Isoleucine 2.32 9.76 — 6.04 
Leucine 2.33 9.74 — 6.04 
Lysine 2.18 8.95 10.53 9.74 
Methionine 2.28 9.21 — 5.74 
Phenylalanine 2.58 9.24 — 5.91 
Proline 2.00 10.60 — 6.30 
Serine 2.21 9.15 — 5.68 
Threonine 2.09 9.10 — 5.60 
Tryptophan 2.38 9:39 — 5.88 
Tyrosine 2.20 9.11 10.07 5.63 
: Valine 2.29 9.72 — 6.00 


Table 29.1 also lists the isoelectric points (p/) for all of the amino acids. Recall from Section 
19.14C that the isoelectric point is the pH at which an amino acid exists primarily in its 
neutral form, and that it can be calculated from the average of the pK, values of the a-COOH 
and a-NH,* groups (for neutral amino acids only). 

Probie: 29.2 What form exists at the isoelectric point of each of the following amino acids: (a) valine; (b) leucine; 
(c) proline; (d) glutamic acid? 


Problem 29.3 Explain why the pKa of the -NH,* group of an a-amino acid is lower than the pK, of the 
ammonium ion derived from a 1° amine (RNH3*). For example the pK, of the — NH3* group of 
alanine is 9.7 but the pK, of CH3NHs° is 10.63. 


29.2 Synthesis of Amino Acids 


Amino acids can be prepared in a variety of ways in the laboratory. Three methods are described, 
each of which is based on reactions learned in previous chapters. 


29.2A Sy2 Reaction of o-Halo Acids with NH; 


The most direct way to synthesize an o-amino acid is by Sy2 reaction of an &-halo carboxylic 
acid with a large excess of NH3. 


General R-ENCOOH NH3 sins 2 n 
reaction i “(large excess) R-GHCOO NH,* + NH,*Br 
Br NH2 
| Example | (cH,),CH-CHCOOH se (CHg)>CH-CHCOO-NH,* + NH,*Br- 
L ate (large excess) 3/2 k $ 4 4 
Br 2 


Sy2 valine 


Problem 29.4 
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Although the alkylation of ammonia with simple alkyl halides does not generally afford high 
yields of 1° amines (Section 25.7A), this reaction using o&-halo carboxylic acids does form the 
desired amino acids in good yields. In this case, the amino group in the product is both less basic 
and more sterically crowded than other 1° amines, so that a single alkylation occurs and the 
desired amino acid is obtained. 


What a-halo carbony! compound is needed to synthesize each amino acid: (a) glycine; 
(b) isoleucine; (c) phenylalanine? 


29.2B Alkylation of a Diethyl Malonate Derivative 

The second method for preparing amino acids is based on the malonic ester synthesis. Recall 
from Section 23.9 that this synthesis converts diethyl malonate to a carboxylic acid with a new 
alkyl group on its œ carbon atom. 

H H 

| three steps | 

Overall reaction | H-Ç-COOEt R-G-COOH 
COOEt H 
diethyl malonate — 
This reaction can be adapted to the synthesis of o-amino acids by using a commercially available 
derivative of diethyl malonate as starting material. This compound, diethyl acetamidomalo- 
nate, has a nitrogen atom on the & carbon, which ultimately becomes the NH) group on the o 
carbon of the amino acid. 
a H a from RX | 
eae atl N | three steps | 
| Overall reaction | È-N-Ç-COOEt ————> HN-Ç-COOH 
CH3 COOEt H 
diethyl acetamidomalonate 
The malonic ester synthesis consists of three steps, and so does this variation to prepare an amino 
acid. 
ii dep rotonation 
{ “Oe abbas etc N 
oee g od T T a 
Steps in the synthesis C-N7C-COOEt NaOEt -N-G-COOEt + EtOH 


of an amino acid cH, " dooet cH, " cooet 


diethyl acetamidomalonate ee 
sy , alkylation | 


r 


R e R r new C-C bond 


[3] 


| 
X 
a i “mosa —-P-N-G-COCEL + x 
H CH3 COOEt 
hydrolysis 
+ CO + EtOH and 
(2 equiv) decarboxylation 
+ CHCOOH 


[1] Deprotonation of diethyl acetamidomalonate with NaOEt forms an enolate by removal of 
the acidic proton between the two carbonyl groups. 

[2] Alkylation of the enolate with an unhindered alkyl halide (usually CH3X or RCH,X) forms 
a substitution product with a new R group on the © carbon. 

[3] Heating the alkylation product with aqueous acid results in hydrolysis of both esters and the 
amide, followed by decarboxylation to form the amino acid. 
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Phenylalanine, for example, can be synthesized as follows: 


H CHCH CHCH 
| Example | jS N-G-COOEt Mi $ N-C ck B AAIEN 
i rn | [2] CgHeCH,Br ee Hj0*, A 2S 

CH; COOEt CH3 COOEt H 


Problem 29.5 


Problem 29.6 


29.2C 


phenylalanine 


The enolate derived from diethyl acetamidomalonate is treated with each of the following 
alkyl halides. After hydrolysis and decarboxylation, what amino acid is formed: (a) CHsI; 
(b) (CH3)2>CHCH2Cl; (c) CH3CH2CH(CH3)Br? 


What amino acid is formed when CHzCONHCH(CO.Et), is treated with the following series of 
reagents: [1] NaOEt; [2] CH, = O; [3] H30*, A? 


Strecker Synthesis 


The third method, the Strecker amino acid synthesis, converts an aldehyde into an amino acid 
by a two-step sequence that adds one carbon atom to the aldehyde carbonyl]. Treating an alde- 
hyde with NH,Cl and NaCN first forms an a-amino nitrile, which can then be hydrolyzed in 
aqueous acid to an amino acid. 


' i (0) NH NH 
j NH,Cl ee H,0* ie 
| Strecker synthesis | Bx 4 R-C<+CN —2-+  R-C-COOH 
RSH NaCN i \ i) 


_ new C-C bond amino acid 
a-amino nitrile 


The Strecker synthesis of alanine, for example, is as follows: 


O 
Example | l Le T ni BOL o Pads 
Brame | oH osH NaON i i a I 


| new C-C bond | alanine 
o-amino nitrile 


Mechanism 29.1 for the formation of the &-amino nitrile from an aldehyde (the first step in the 
Strecker synthesis) consists of two parts: nucleophilic addition of NH, to form an imine, fol- 
lowed by addition of cyanide to the C=N bond. Both parts are related to earlier mechanisms 
involving imines (Section 21.11) and cyanohydrins (Section 21.9). 


ES Mechanism 29.1 Formation of an a&-Amino Nitrile 


Part [1] Nucleophilic attack of NH to form an imine 


7 SH 


NH,Cl ==> NH, + HCI 


Part [2] Nucleophilic attack of “CN to form an a-amino nitrile 


} 
iH ad NH 
i 14] Cy? 
Ae Hy =e ees 


:6F :OH NH œ Part [1] Nucleophilic attack of 
aU 2 BR sd [3] Nl NH; followed by proton transfer 
R-C-ÑH; i R-C-ÑH; JÈ 
i p d l -H0O R H and loss of H2O forms an 
seller (three steps) — imine. Loss of HzO occurs by 
imine 
the same three-step process 
+ H20 outlined in Mechanism 21.5. 
NH, e Part [2] Protonation of the 


imine followed by nucleophilic 
attack of CN gives the 


} i a-amino nitrile. 
a-amino nitrile 
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The details of the second step of the Strecker synthesis, the hydrolysis of a nitrile (RCN) to a 
carboxylic acid (RCOOH), have already been presented in Section 22.18A. 


Figure 29.4 shows how the amino acid methionine can be prepared by all three methods in Sec- 
tion 29.2. 


What aldehyde is needed to synthesize each amino acid by the Strecker synthesis: (a) valine; 


Problem 29.7 
(b) leucine; (c) phenylalanine? 
Problem 29.8 Draw the products of each reaction. 
NH3 — [1] NH,Cl, NaCN 
a. BrCH,COOH large excess Cc. gCH2CH(CH3)CHO [2] H,0* 
H H 
| [1] NaOEt | [1] NaOEt 
b. CHsCONH-C—COOEt Sen d. CHsCONH—C—COOEt io] BrGELODLET 
[3] H3O*, A [3] H,O*, A 
Figure 29.4 Br NH3 
The synthesis of methionine [M] CHgSCH,CH,-C—COOH large excess 
by three different methods H 
H2CHSCH NH 
[2] j a pa ma NOE nay CH a B CH3SCH2CH _-b-066H 
[2] CICH;CH,SCH, 3 i i aera i 
CH3 COOEt COOEt H 
Q methionine 
Z NH,CI Ne 
[3] CHgSCH»CHS `H = Gye CHySCHsCH,~C-CN 
H 
Three methods of amino acid synthesis: 
[1] Sy2 reaction using an a-halo carboxylic acid 
[2] Alkylation of diethyl acetamidomalonate 
[3] Strecker synthesis 
29.3 Separation of Amino Acids 


No matter which of the preceding methods is used to synthesize an amino acid, all three yield a 
racemic mixture. Naturally occurring amino acids exist as a single enantiomer, however, so the 
two enantiomers obtained must be separated if they are to be used in biological applications. This 
is not an easy task. Two enantiomers have the same physical properties, so they cannot be sepa- 
rated by common physical methods, such as distillation or chromatography. Moreover, they react 
in the same way with achiral reagents, so they cannot be separated by chemical reactions either. 


Nonetheless, strategies have been devised to separate two enantiomers using physical separation 
techniques and chemical reactions. We examine two different strategies in Section 29.3. Then, 
in Section 29.4, we will discuss a method that affords optically active amino acids without the 
need for separation. 


e The separation of a racemic mixture into its component enantiomers is called 
resolution. Thus, a racemic mixture is resolved into its component enantiomers. 
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Figure 29.5 

Resolution of a racemic mixture 
by converting it to a mixture of 
diastereomers 


9 pun 
C = Ac 
ong se 
HN, Cols 
CH; H 


(R)-a-methylbenzylamine 


a resolving agent © 
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Resolution of Amino Acids 


The oldest, and perhaps still the most widely used method to separate enantiomers exploits 
the following fact: enantiomers have the same physical properties, but diastereomers have 
different physical properties. Thus, a racemic mixture can be resolved using the following gen- 
eral strategy. 


[1] Convert a pair of enantiomers into a pair of diastereomers, which are now separable 
because they have different melting points and boiling points. 


[2] Separate the diastereomers. 
[3] Re-convert each diastereomer into the original enantiomer, now separated from the other. 


This general three-step process is illustrated in Figure 29.5. 


One enantiomer of Separate Remove Y 
a chiral reagent Y 
7 LA | Adj -i AA eaj Y 
FA = < 
PA iil [2] 
oa a w A | } 
i | ao ert’ 


Ha S =- 


diastereomers 


a 
enantiomers 


Enantiomers A and B can be separated by reaction with a single enantiomer of a chiral 
reagent, Y. The process of resolution requires three steps: 


[1] Reaction of enantiomers A and B with Y forms two diastereomers, AY and BY. 

[2] Diastereomers AY and BY have different physical properties, so they can be separated by 
physical methods such as fractional distillation or crystallization. 

[3] AY and BY are then re-converted to A and B by a chemical reaction. The two enantiomers A and 
B are now separated from each other, and resolution is complete. 


To resolve a racemic mixture of amino acids such as (R)- and (S)-alanine, the racemate is first 
treated with acetic anhydride to form N-acetyl amino acids. Each of these amides contains one 
stereogenic center and they are still enantiomers, so they are still inseparable. 


H 
HN, COO H3. UN. COOH AcNH. COOH 
fe: CH,CO),0 Ser Se” om 
(S)-alanine l- (CHsC0)20 3CO)2 ¢ A = {z (S)-isomer 
H CH; O H hs H CH; 
enantiomers | _ N-acetyl amino acids | enantiomers | 
H 
HN, COO CH3. UN. COOH AcNH_ COOH 
C CH3CO),0 i 6 sels ser 
(R)-alanine 1 (CHatO)0 aCO)z S Z. = 4: (R)-isomer 
CH, H OCH, H CH, H 


Both enantiomers of N-acetyl alanine have a free carboxy group that can react with an amine in 
an acid-base reaction. If a chiral amine is used, such as (R)-a-methylbenzylamine, the two 
salts formed are diastereomers, not enantiomers. Diastereomers can be physically separated 
from each other, so the compound that converts enantiomers into diastereomers is called a 
resolving agent. Either enantiomer of the resolving agent can be used. 


How To Use (R)-a-Methylbenzylamine to Resolve a Racemic Mixture of Amino ; 


These salts have the same configuration around one stereogenic center, but the opposite configuration about the other 
stereogenic center. 
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React both enantiomers with the R isomer of the chiral amine. 


AcNH. COOH 


+ 


enantiomers } 


HN, coals 
proton transfer fs. (R isomer only) 


AcNH. .-COO™ HÑ, Oss 
if CH, í k ; diastereomers | 


S 


Separate the diastereomers. 


| separate 


AcNH. COO- N 5 AcNH. __COO- HN -Chs 


4 d> ; d~ 
H CH3 CHa CH, H 


S R 


Regenerate the amino acid by hydrolysis of the amide. 


H20, “OH H20, “OH 

Niles. „COOH HN AOS 
4 + f% 
d CH3 CH, H 


The chiral amine is 


(S)-alanine (A)-alanine also regenerated. 


| The amino acids are now separated. 


Step [1] is just an acid-base reaction in which the racemic mixture of N-acetyl alanines reacts 
with the same enantiomer of the resolving agent, in this case (R)-a-methylbenzylamine. The salts 
that form are diastereomers, not enantiomers, because they have the same configuration about 
one stereogenic center, but the opposite configuration about the other stereogenic center. 


In Step [2], the diastereomers are separated by some physical technique, such as crystallization 
or distillation. 


In Step [3], the amides can be hydrolyzed with aqueous base to regenerate the amino acids. The 
amino acids are now separated from each other. The optical activity of the amino acids can be 
measured and compared to their known rotations to determine the purity of each enantiomer. 
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Problem 29.9 Which of the following amines can be used to resolve a racemic mixture of amino acids? 


CHa H 
a. CgHeCH»CH»NH, b. c. C. d. 
a eee LN CHCH ©NH, 


strychnine 
(a powerful poison) 


Problem 29.10 Write out a stepwise sequence that shows how a racemic mixture of leucine enantiomers can be 
resolved into optically active amino acids using (R)-a-methylbenzylamine. 


29.3B Kinetic Resolution of Amino Acids Using Enzymes 


A second strategy used to separate amino acids is based on the fact that two enantiomers react 
differently with chiral reagents. An enzyme is typically used as the chiral reagent. 


To illustrate this strategy, we begin again with the two enantiomers of N-acetyl alanine, which 
were prepared by treating a racemic mixture of (R)- and (S)-alanine with acetic anhydride (Sec- 
tion 29.3A). Enzymes called acylases hydrolyze amide bonds, such as those found in N-acetyl 
alanine, but only for amides of L-amino acids. Thus, when a racemic mixture of N-acetyl ala- 
nines is treated with an acylase, only the amide of L-alanine (the S stereoisomer) is hydrolyzed to 
generate L-alanine, whereas the amide of p-alanine (the R stereoisomer) is untouched. The reac- 
tion mixture now consists of one amino acid and one N-acetyl amino acid. Because they have 
different functional groups with different physical properties, they can be physically separated. 


=. F : | = 
| This amide bond is cleaved. This amide bond does | not react. 


H 
CH; N Coos CH IN COOH 
enantiomers —> ee `C a o7 4 win 
(S)-isomer from L-alanine (R)-isomer from p-alanine 
acylase acylase | No reaction 
H 

HaN, „~COOH CHa, ANN ç- COOH 

4- l d3 

H CH3 oO CH, H 

(S)-alanine This amide is recovered unchanged. 


| 


These two compounds are separable 
because they have different functional groups. 


e Separation of two enantiomers by a chemical reaction that selectively occurs for only 
one of the enantiomers is called kinetic resolution. 


Problem 29.11 Draw the organic products formed in the following reaction. 


POOH [1] (CH3CO),0 
H2N-C—H 
[2] acylase 
CHCH(CH3)2 


(mixture of enantiomers) 
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29.4 Enantioselective Synthesis of Amino Acids 


Although the two methods introduced in Section 29.3 for resolving racemic mixtures of amino 
acids make enantiomerically pure amino acids available for further research, half of the reaction 
product is useless because it has the undesired configuration. Moreover, each of these procedures 
is costly and time-consuming. 


If we use a chiral reagent to synthesize an amino acid, however, it is possible to favor the for- 
mation of the desired enantiomer over the other, without having to resort to a resolution. For 
example, single enantiomers of amino acids have been prepared by using enantioselective (or 
asymmetric) hydrogenation reactions. The success of this approach depends on finding a 
chiral catalyst, in much the same way that a chiral catalyst is used for the Sharpless asymmetric 
epoxidation (Section 12.15). 


The necessary starting material is an alkene. Addition of H, to the double bond forms an N-acetyl 
amino acid with a new stereogenic center on the œ carbon to the carboxy group. With proper 
choice of a chiral catalyst, the naturally occurring S configuration can be obtained as product. 


R NHA 

. ae Hə pole AcNH_ COOH 
C=C n HOOOH C 

EO A chiral catalyst l Al i 

H Bee H/H H CHR 


achira! alkene 


| new stereogenic center With proper choice of catalyst, 
A the naturally occurring 
S isomer is formed. 


Several chiral catalysts with complex structures have now been developed for this purpose. Many 
contain rhodium as the metal, complexed to a chiral molecule containing one or more phospho- 
rus atoms. One example, abbreviated simply as Rh*, is drawn below. 


O 
À 
a +,” 
P yy 
OS al \ 


cloy Ph = CgHs 


Ryoji Noyori shared the 2001 : 
Nobel Prize in Chemistry | chiral hydrogenation catalyst 
for developing methods for n . 
asymmetric hydrogenation 
reactions using the chiral 
BINAP catalyst. 


This catalyst is synthesized from a rhodium salt and a phosphorus compound, 
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl (BINAP). It is the BINAP moiety (Figure 29.6) 
that makes the catalyst chiral. 


Figure 29.6 The two naphthalene rings are oriented 
The structure of BINAP at right angles to each other. ade 


oa 
JG P tt 
PPh, . o. 
PPh, a j nee i 
os yt 


2,2'-bis(diphenylphosphino)-1,1'-binaphthy! 


` BINAP i 3-D model of BINAP 
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BINAP is one of a small number of molecules that is chiral even though it has no tetrahe- 
dral stereogenic centers. Its shape makes it a chiral molecule. The two naphthalene rings of the 
BINAP molecule are oriented at almost 90° to each other to minimize steric interactions between 
the hydrogen atoms on adjacent rings. This rigid three-dimensional shape makes BINAP non- 
superimposable on its mirror image, and thus it is a chiral compound. 


Twistoflex and helicene 
(Section 17.5) are two more 
aromatic compounds whose 
shape makes them chiral. 


The following graphic shows how enantioselective hydrogenation can be used to synthesize a 
single stereoisomer of phenylalanine. Treating achiral alkene A with H; and the chiral rhodium 
catalyst Rh* forms the S isomer of N-acetyl phenylalanine in 100% ee. Hydrolysis of the acetyl 
group on nitrogen then yields a single enantiomer of phenylalanine. 


\ / 


ii T. Hp ANH. COOH H,0,-OH  H;N___ COOH 
Hood +W Rh* 4% 4% 
H CH3 | hydrolysis | H CH 
A ka | 
enantioselective | S enantiomer (S)-phenylalanine 


| hydrogenation © 100% ee 


Problem 2912 What alkene is needed to synthesize each amino acid by an enantioselective hydrogenation 
reaction using Hz and Rh”: (a) alanine; (b) leucine; (c) glutamine? 


29.5 Peptides 


When amino acids are joined together by amide bonds, they form larger molecules called pep- 
tides and proteins. 


e A dipeptide has two amino acids joined together by one amide bond. 
e A tripeptide has three amino acids joined together by two amide bonds. 


_Dipeptide | Tripeptide 


Rid 0) Ri H u $ Ra H 
= iI = i Š 
N C C N OES O E) a 
HoN~ ‘en `o SOH HNI “en ‘or N“ `ç 
o di O fa" 6 
brl S IL | 
Two amino acids joined together. Three amino acids joined together. 


[Amide bonds are drawn in red.] 


Polypeptides and proteins both have many amino acids joined together in long linear chains, but 
the term protein is usually reserved for polymers of more than 40 amino acids. 


e The amide bonds in peptides and proteins are called peptide bonds. 
e The individual amino acids are called amino acid residues. 


29.5A Simple Peptides 


To form a dipeptide, the amino group of one amino acid forms an amide bond with the carboxy 
group of another amino acid. Because each amino acid has both an amino group and a carboxy 
group, two different dipeptides can be formed. This is illustrated with alanine and cysteine. 
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[1] The COOH group of alanine can combine with the NH, group of cysteine. 


CHa H fe) 
OH THANG CO HP a fO cmn 
Han“ e7 + Peo — a ao Ala~Cys | 
> lip HN ~C% `o oH | 
H CH;SH il {> 
O| 4 CHSH 
alanine cysteine Ala | Cys 


peptide bond 


[2] The COOH group of cysteine can combine with the NH, group of alanine. 


HSCH, H a. HSCH, H a © 
VS HeNy UC Xs i 
-0 ` 2 a: _ “ S Pion | 
HN pa + se OH HN “y N > ~OH Oys-Ala | 
O H CH, O K Ch, : 
cysteine alanine Cys Ala 
peptide bond 


These compounds are constitutional isomers of each other. Both have a free amino group at one 
end of their chains and a free carboxy group at the other. 


e The amino acid with the free amino group is called the N-terminal amino acid. 
e The amino acid with the free carboxy group is called the C-terminal amino acid. 


By convention, the N-terminal amino acid is always written at the left end of the chain and 
the C-terminal amino acid at the right. The peptide can be abbreviated by writing the one- or 
three-letter symbols for the amino acids in the chain from the N-terminal to the C-terminal end. 
Thus, Ala-Cys has alanine at the N-terminal end and cysteine at the C-terminal end, whereas 
Cys—Ala has cysteine at the N-terminal end and alanine at the C-terminal end. Sample Problem 
29.1 shows how this convention applies to a tripeptide. 


Sample Problem 29.1 Draw the structure of the following tripeptide, and label its N-terminal and C-terminal amino acids: 
Ala-Gly-Ser. 


Solution 

Draw the structures of the amino acids in order from left to right, placing the COOH of one amino 
acid next to the NH» group of the adjacent amino acid. Always draw the NH, group on the /eft 
and the COOH group on the right. Then, join adjacent COOH and NH; groups together in amide 
bonds to form the tripeptide. 


| Make amide bonds here. | 


kis H O ee oe H r gers. 
= I S S I 
C___OH $ 0H — c “OH 
HoN~ 97 +4 HN, Ono, as HoN~ `c HN^ ee pi Wr C 
l) d'u lo) | o fi | Ò 


Ala Gly Ser | N-terminal C-terminal 
. amino acid | amino acid 


tripeptide Ala-Gly-Ser 
[The new peptide bonds are drawn in red.] 


The N-terminal amino acid is alanine, and the C-terminal amino acid is serine. 


The tripeptide in Sample Problem 29.1 has one N-terminal amino acid, one C-terminal amino 
acid, and two peptide bonds. 
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Problem 29.14 


Problem 29.15 


29.5B 


Recall from Section 16.6 

that 1,3-butadiene can 

also exist as s-cis and 

s-trans conformations. In 
1,3-butadiene, the s-cis 
conformation has the two 
double bonds on the same side 
of the single bond (dihedral 
angle = 0°), whereas the 
s-trans conformation has them 
on opposite sides (dihedral 
angle = 180°). 


e No matter how many amino acid residues are present, there is only one N-terminal 
amino acid and one C-terminal amino acid. 


° For n amino acids in the chain, the number of amide bonds is n - 1. 


Draw the structure of each peptide. Label the N-terminal and C-terminal amino acids and all amide 
bonds. 


a. Val-Glu b. Gly-His-Leu c. M-A-T-T 


Name each peptide using both the one-letter and the three-letter abbreviations for the names of the 
component amino acids. 


CONH TP. 
fo) but 9 os Lea 9 
a. HN, Be p NY ra b. HN, p:a bN N, A 
a 2 Du A D 
H CH, O H CHI(CH,), H CH © H Çh 
CHe CHe Ors 
CH, CH, CONH, 
NH CHe 
HN7SNH, NAg 


How many different tripeptides can be formed from three different amino acids? 


The Peptide Bond 


The carbonyl carbon of an amide is sp” hybridized and has trigonal planar geometry. A second 
resonance structure can be drawn that delocalizes the nonbonded electron pair on the N atom. 
Amides are more resonance stabilized than other acyl compounds, so the resonance structure 
having the C=N makes a significant contribution to the hybrid. 


cy ` ‘0: 
ana AS 
H H 


two resonance structures for the peptide bond 


Resonance stabilization has important consequences. Rotation about the C—N bond is restricted 
because it has partial double bond character. As a result, there are two possible conformations. 


Two conformations of | 1 
the peptide bond Cu. R = eH 
P p RI SNA D R OSN 


s-trans s-cis 


e The s-trans conformation has the two R groups oriented on opposite sides of the 
C-N bond. 


e The s-cis conformation has the two R groups oriented on the same side of the C-N 
bond. 

e The s-trans conformation of a peptide bond is typically more stable than the s-cis, 
because the s-trans has the two bulky R groups located farther from each other. 


The planar geometry of the 
peptide bond is analogous to 
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A second consequence of resonance stabilization is that all six atoms involved in the peptide 
bond lie in the same plane. All bond angles are ~120° and the C=O and N-H bonds are ori- 
ented 180° from each other. 


the planar geometry of ethylene 


(or any other alkene), where 
the double bond between ? 120° 
sp? hybridized carbon atoms AA 


makes all of the bond angles 
~120° and puts all six atoms in 


the same plane. 


ROA 
120° 


a 


These six atoms lie in a plane. 


The structure of a tetrapeptide illustrates the results of these effects in a long peptide chain. 


e The s-trans arrangement makes a long chain with a zigzag arrangement. 


e In each peptide bond, the N=H and C=O bonds lie parallel and at 180° with respect to 
each other. 


| A tetrapeptide 


29.5C Interesting Peptides 


Even relatively simple peptides can have important biological functions. Bradykinin, for exam- 
ple, is a peptide hormone composed of nine amino acids. It stimulates smooth muscle contrac- 
tion, dilates blood vessels, and causes pain. Bradykinin is a component of bee venom. 


Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 
bradykinin 


Oxytocin and vasopressin are nonapeptide hormones, too. Their sequences are identical except 
for two amino acids, yet this is enough to give them very different biological activities. Oxytocin 
induces labor by stimulating the contraction of uterine muscles, and it stimulates the flow of milk 
in nursing mothers. Vasopressin, on the other hand, controls blood pressure by regulating smooth 
muscle contraction. The N-terminal amino acid in both hormones is a cysteine residue, and the 
C-terminal residue is glycine. Instead of a free carboxy group, both peptides have an NH) group 
in place of OH, so this is indicated with the additional NH, group drawn at the end of the chain. 


N-terminal amino acid N-terminal amino acid 
ce i all ia 
disulfide bond—| n disulfide EE ER 7° 
Seago ggg 
Pro—Leu—GlyNH, Pro—Arg—GlyNH, 


oxytocin vasopressin 
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Figure 29,7 


Three-dimensional structures 
of vasopressin and oxytocin 


Problem 29,16 


Problem 29.17 


@ 
ea 
I j 
£ I a 
e v K] , & ,v@ ad e 
, © Ma” a.: » @ ? $o, 
pe » -a Po niet en > 9 P e 
sge loo ° o 3 * os 
4 ey iv) en van ee Sf 
> 2 “oe 3 vte t A Daa “, ee ý z> á 
J aon 
e.g + So ge? oa ee ee 
ə @@ 3°? 
fe 9 i fe” 7 a & S 
fh A vasopressin j oxytocin ~ ma -ve Ca“ 
e es E 
Ze 


The structure of both peptides includes a disulfide bond, a form of covalent bonding in which the 
—SH groups from two cysteine residues are oxidized to form a sulfur—sulfur bond. In oxytocin 
and vasopressin, the disulfide bonds make the peptides cyclic. Three-dimensional structures of 
oxytocin and vasopressin are shown in Figure 29.7. 
[0] 
2 R-S-H === A-S—S—R 


i 


thiol disulfide bond 


The artificial sweetener aspartame (Figure 28.11) is the methyl ester of the dipeptide Asp—Phe. 
This synthetic peptide is 180 times sweeter (on a gram-for-gram basis) than sucrose (common table 
sugar). Both of the amino acids in aspartame have the naturally occurring L-configuration. If the 
D-amino acid is substituted for either Asp or Phe, the resulting compound tastes bitter. 


HN 
NAAN 


EH 
H “COOH O 


aspartame 
the methyl ester of Asp—Phe 
a synthetic artificial sweetener 


Draw the structure of leu-enkephalin, a pentapeptide that acts as an analgesic and opiate, and has 
the following sequence: Tyr—Gly-Gly—-Phe-Leu. (The structure of a related peptide, met-enkephalin, 
appeared in Section 22.6B.) 


Glutathione, a powerful antioxidant that destroys harmful oxidizing agents in cells, is composed of 
glutamic acid, cysteine, and glycine, and has the following structure: 


COOH H O 


glutathione 


a. What product is formed when glutathione reacts with an oxidizing agent? 
b. What is unusual about the peptide bond between glutamic acid and cysteine? 


29.6 


29.6A 


29.6B 


Edman degradation | 


CsHs 
‘N=c=s + 


phenyl isothiocyanate 
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Peptide Sequencing 


To determine the structure of a peptide, we must know not only what amino acids comprise it, 
but also the sequence of the amino acids in the peptide chain. Although mass spectrometry has 
become an increasingly powerful method for the analysis of high molecular weight proteins (Sec- 
tion 13.4), chemical methods to determine peptide structure are still widely used and presented 
in this section. 


Amino Acid Analysis 


The structure determination of a peptide begins by analyzing the total amino acid composition. 
The amide bonds are first hydrolyzed by heating with hydrochloric acid for 24 h to form the 
individual amino acids. The resulting mixture is then separated using high-performance liquid 
chromatography (HPLC), a technique in which a solution of amino acids is placed on a column 
and individual amino acids move through the column at characteristic rates, often dependent on 
polarity. 


This process determines both the identity of the individual amino acids and the amount of each 
present, but it tells nothing about the order of the amino acids in the peptide. For example, 
complete hydrolysis and HPLC analysis of the tetrapeptide Gly-Gly—-Phe-Tyr would indicate 
the presence of three amino acids—glycine, phenylalanine, and tyrosine—and show that there 
are twice as many glycine residues as phenylalanine or tyrosine residues. The exact order of the 
amino acids in the peptide chain must then be determined by additional methods 


Identifying the N-Terminal Amino Acid—The Edman Degradation 


To determine the sequence of amino acids in a peptide chain, a variety of procedures are often 
combined. One especially useful technique is to identify the N-terminal amino acid using the 
Edman degradation. In the Edman degradation, amino acids are cleaved one at a time from 
the N-terminal end, the identity of the amino acid determined, and the process repeated until the 
entire sequence is known. Automated sequencers using this methodology are now available to 
sequence peptides containing up to about 50 amino acids. 


The Edman degradation is based on the reaction of the nucleophilic NH, group of the N-terminal 
amino acid with the electrophilic carbon of phenyl isothiocyanate, CsH;N=C=S. When the 
N-terminal amino acid is removed from the peptide chain, two products are formed: an 
N-phenylthiohydantoin (PTH) and a new peptide with one fewer amino acid. 


fe) 
N CeHs. A 
yi XN PEPTIDE NANSA 
aie — 


Hol R 
N-terminal amino acid N-phenylthiohydantoin 
(PTH) 


ie) 


This peptide contains a new 
| N-terminal amino acid. 


| This product characterizes 
| the N-terminal amino acid. 
Ėė — 1 


The N-phenylthiohydantoin derivative contains the atoms of the N-terminal amino acid. This 
product identifies the N-terminal amino acid in the peptide because the PTH derivatives of all 
20 naturally occurring amino acids are known and characterized. The new peptide formed in the 
Edman degradation has one amino acid fewer than the original peptide. Moreover, it contains a 
new N-terminal amino acid, so the process can be repeated. 
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Mechanism 29.2 illustrates some of the key steps of the Edman degradation. The nucleophilic 
N-terminal NH, group adds to the electrophilic carbon of phenyl isothiocyanate to form an 
N-phenylthiourea, the product of nucleophilic addition (Part [1]). Intramolecular cyclization fol- 
lowed by elimination results in cleavage of the terminal amide bond in Part [2] to form a new 
peptide with one fewer amino acid. A sulfur heterocycle, called a thiazolinone, is also formed, 
which rearranges by a multistep pathway (Part [3]) to form an N-phenylthiohydantoin. The R 
group in this product identifies the amino acid located at the N-terminal end. 


ey Mechanism 29.2 Edman Degradation 


Part [1] Formation of an N-phenylthiourea 


H 
Cots OAN- PEPTIDE on N oN 
= i.” ve ; ia X N PEPTIDE L X N PEPTIDE 
9) Ñ L Gaa S—— i 
R re a 2] Sg e 
H H H 


HN [1] Ñ 
phenyl isothiocyanate i H 


| nucleophilic addition | proton transfer N-phenylthiourea 


e — Addition of the free amino group from the N-terminal amino acid to the electrophilic carbon of phenyl isothiocyanate followed by 
proton transfer forms an N-phenylthiourea. 


Part [2] Cleavage of the amide bond from the N-terminal amino acid 


X 
Hoh a 
A H 5. 
u R M en HOJ N— PEPTIDE P 
ief EAs er! :§ 
S SiAn da E Tn aa 
H H CeHs. $7 >N } Cos. N 
‘a ra H oY 
Reel thiazolinone 


e  Nucleophilic addition in Step [3] followed by loss of the amino group in Step [4] forms two products: a five-membered thiazolinone 
ring and a peptide chain that contains one fewer amino acid than the original peptide. 


Part [3] Rearrangement to form an N-phenylthiohydantoin (PTH) 


O O 
S A several steps Coty g. 
CH ali a hes 
GEAN N 


N s 
thiazolinone N-phenylthiohydantoin 
(PTH) 


e Under the conditions of the reaction, the thiazolinone rearranges by a multistep pathway to form an N-phenylthiohydantoin (PTH). 
This product contains the original N-terminal amino acid. 


In theory a protein of any length can be sequenced using the Edman degradation, but in practice, 
the accumulation of small quantities of unwanted by-products limits sequencing to proteins hav- 
ing fewer than approximately 50 amino acids. 


Problonm 2918 Draw the structure of the N-phenylthiohydantoin formed by initial Edman degradation of each 
peptide: (a) Ala-Gly-Phe—Phe; (b) Val-Ile-Tyr. 


29.6C 


Sample Problem 29.2 


Problem 29.19 
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Partial Hydrolysis of a Peptide 


Additional structural information can be obtained by cleaving some, but not all, of the amide 
bonds in a peptide. Partial hydrolysis of a peptide with acid forms smaller fragments in a random 
fashion. Sequencing these peptides and identifying sites of overlap can be used to determine the 
sequence of the complete peptide, as shown in Sample Problem 29.2. 


Give the amino acid sequence of a hexapeptide that contains the amino acids Ala, Val, Ser, Ile, 
Gly, Tyr, and forms the following fragments when partially hydrolyzed with HCI: Gly-Ile-Val, 
Ala-Ser-Gly, and Tyr-Ala. 


Solution 

Looking for points of overlap in the sequences of the smaller fragments shows how the fragments 
should be pieced together. In this example, the fragment Ala-Ser-Gly contains amino acids 
common to the two other fragments, thus showing how the three fragments can be joined 
together. 


common amino acids 


l ; Answer: 
Tyr+Ala Gly +Ile—Val 
Alal ser {Gly ——> Tyr-Ala-Ser-Gly-Ile—Val 


hexapeptide 
Give the amino acid sequence of an octapeptide that contains the amino acids Tyr, Ala, Leu 


(2 equiv), Cys, Gly, Glu, and Val, and forms the following fragments when partially hydrolyzed with 
HCI: Val-Cys—Gly-Glu, Ala-Leu-Tyr, and Tyr-Leu-Val-Cys. 


Peptides can also be hydrolyzed at specific sites using enzymes. The enzyme carboxypeptidase 
catalyzes the hydrolysis of the amide bond nearest the C-terminal end, forming the C-terminal 
amino acid and a peptide with one fewer amino acid. In this way, carboxypeptidase is used to 
identify the C-terminal amino acid. 


Other enzymes catalyze the hydrolysis of amide bonds formed with specific amino acids. For 
example: 


e Trypsin catalyzes the hydrolysis of amides with a carbonyl group that is part of the 
basic amino acids arginine and lysine. 

e Chymotrypsin hydrolyzes amides with carbonyl groups that are part of the aromatic 
amino acids phenylalanine, tyrosine, and tryptophan. 


Chymotrypsin cleaves here. Carboxypeptidase cleaves here. 


| 


Ala—Phe—Gly—Leu-—Trp —Val—ArgzHis—Pro m 


Trypsin cleaves here. 


Table 29.2 summarizes these enzyme specificities used in peptide sequencing. 


Table 29.2 Cleavage Sites of Specific Enzymes in Peptide Sequencing : J 


Enzyme Site of cleavage 
Carboxypeptidase Amide bond nearest to the C-terminal amino acid 
Chymotrypsin Amide bond with a carbonyl group from Phe, Tyr, or Trp 


Trypsin Amide bond with a carbonyl group from Arg or Lys 
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"roblem 29.20 


Sample Problem 29.3 


Problem 29.21 
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(a) What products are formed when each peptide is treated with trypsin? (b) What products are 
formed when each peptide is treated with chymotrypsin? 


[1] Gly-Ala-Phe-Leu-Lys—Ala 
[2] Phe—Tyr—Gly-Cys—Arg-Ser 
[8] Thr-Pro-Lys—Glu-His—Gly-Phe—Cys-Trp-Val-Val-Phe 


Deduce the sequence of a pentapeptide that contains the amino acids Ala, Glu, Gly, Ser, and Tyr, 
from the following experimental data. Edman degradation cleaves Gly from the pentapeptide, and 
carboxypeptidase forms Ala and a tetrapeptide. Treatment of the pentapeptide with chymotrypsin 
forms a dipeptide and a tripeptide. Partial hydrolysis forms Gly, Ser, and the tripeptide Tyr-Glu-Ala. 


Solution 

Use each result to determine the location of an amino acid in the pentapeptide. 

Experiment Result 

e Edman degradation identifies the N-terminal amino acid—in this > Gly-_-_~-_-_ 
case, Gly. 

e Carboxypeptidase identifies the C-terminal amino acid (Ala) > Gly-_-__-_-Ala 
when it is cleaved from the end of the chain. 

e Chymotrypsin cleaves amide bonds that contain a carbonyl group = Gly-Tyr-__-_ -Ala 


from an aromatic amino acid — Tyr in this case. Because a dipeptide or 

and tripeptide are obtained after treatment with chymotrypsin, Tyr Gly- _ -Tyr- _ -Ala 
must be the C-terminal amino acid of either the di- or tripeptide. 

As a result, Tyr must be either the second or third amino acid in the 
pentapeptide chain. 

e Partial hydrolysis forms the tripeptide Tyr-Glu-Ala. Because Ala is > 
the C-terminal amino acid, this result identifies the last three amino 
acids in the chain. 

e The last amino acid, Ser, must be located at the only remaining > 
position, the second amino acid in the pentapeptide, and the 
complete sequence is determined. 


Gly- _ -Tyr-Glu-Ala 


Gly-Ser-Tyr-Glu-Ala 


Deduce the sequence of a heptapeptide that contains the amino acids Ala, Ara, Glu, Gly, Lau, 
Phe, and Ser, from the following experimental data. Edman degradation cleaves Leu from the 
heptapeptide, and carboxypeptidase forms Glu and a hexapeptide. Treatment of the heptapeptide 
with chymotrypsin forms a hexapeptide and a single amino acid. Treatment of the heptapeptide 
with trypsin forms a pentapeptide and a dipeptide. Partial hydrolysis forms Glu, Leu, Phe, and the 
tripeptides Gly~Ala—Ser and Ala-Ser-Arg. 


Peptide Synthesis 
The synthesis of a specific dipeptide, such as AlaGly from alanine and glycine, is complicated 
because both amino acids have two functional groups. As a result, four products—namely, 
Ala-Ala, Ala—Gly, Gly—Gly, and Gly~Ala—are possible. 
| From two amino acids... | ...there are four possible dipeptides. 
CH} H CH, H CH} H 
Oo A Von ol ae ae: 
NI ‘ow + 2 yA SOH HoN~ “— “or SoH a HjN~ nom Sgr SOH 
O HH O į Chs O J H 
Ala Gly Ala-Ala Ala-Gly 
+ 
H H H H 
CAE ENR 
H.N~ ‘en >c OH + HAN” “en >07 “OH 
O d H O d Chs 
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How do we selectively join the COOH group of alanine with the NH, group of glycine? 


¢ Protect the functional groups that we don’t want to react, and then form the amide 
bond. 


How To Synthesize a Dipeptide from Two Amino Acids 


Example 
CH3 H Q i H 9 
ro € OH HN. LC 
HNI ‘en sor `OH HoN~ “ey 2 yA SOH 
O d H 0) 4H 
Ala-Gly Ala Gly 


Step[1] Protect the NH» group of alanine. 


CHa H CHa H 
C._LOH C. 
HNI “om — > PG me y [PG = protecting group] 
O (0) 
Ala 


Step [2] Protect the COOH group of glycine. 


? ji 
ne oF — > eno notra 
HH H H i 
Gly 
Step [3] Form the amide bond with DCC. 
CH, H fo) CHa H ọ 
c OH + HN ¢ hid N G 
PG—N* or 2 so? ~0—PG DCC PG—N~ \cF “ov So—PG 
H Ul d z i -H 6 l A -x 
O i H H 4H H 
; The amide forms here. | new amide bond | 


Dicyclohexylcarbodiimide (DCC) is a reagent commonly used to form amide bonds (see Section 22.10D). DCC makes the OH 
group of the carboxylic acid a better leaving group, thus activating the carboxy group toward nucleophilic attack. 


dicyclohexylcarbodiimide 


Step [4] Remove one or both protecting groups. 


CH, H o CHa H a 9 
E N.C 

PG—N™ “on ~c ^o Pa eg HNI om Fi OH 
O HH HH 
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Two widely used amino protecting groups convert an amine into a carbamate, a functional 
group having a carbonyl bonded to both an oxygen and a nitrogen atom. Since the N atom of the 
carbamate is bonded to a carbonyl group, the protected amino group is no longer nucleophilic. 


| Amino acid | | N-Protected amino acid 


R H 
4s AF 
pa pT oe L IE on 
2 í protection RO œNnr ~C~ 
ó i. 


carbamate 


For example, the tert-butoxycarbonyl protecting group, abbreviated as Boc, is formed by react- 
ing the amino acid with di-tert-butyl dicarbonate in a nucleophilic acyl substitution reaction. 


| Adding a Boc protecting group | 


O Q R H O RH R H 
u d Y OH (CH,CH,)3N g Y OH ¥ OH 
3 2 
(CHa)aCO YO" ~OC(CHylg + HNO —— OCO ye = Boose" 
di-tert-butyl dicarbonate O O O 


This N is now protected 
as a Boc derivative. 


Q To be a useful protecting group, the Boc group must be removed under reaction conditions that 
ons do not affect other functional groups in the molecule. It can be removed with an acid such as 
(CHg)sCO trifluoroacetic acid, HCl, or HBr. 
tert-butoxycarbony| 
Boc Q R H CF;CO,H R u 
Removing a Boc G6. OH ——oO__,. 5 -OH + CO. 
| protecting | Chaco PNET HT 
O or 
Ay Peo g O chaoz 
CHO" $ l 


This bond is cleaved. 


A second amino protecting group, the 9-fluorenylmethoxycarbonyl protecting group, abbrevi- 


9-fluorenylmethoxycarbonyl ated as Fmoc, is formed by reacting the amino acid with 9-fluorenylmethy! chloroformate in a 


Fmoc nucleophilic acyl substitution reaction. 
Adding an Fmoc protecting group | Fmoc 
na a 

(0) O RH R H 
$ è AF e o a OH j-i OH 

a + G OH ———> AINN Npr an N SNo 

k CHOC! + CX OH HEE, y CHO N G = Fmoc-N ~G 
O ins i 
9-fluorenylmethyl Fmoc-protected amino acid 


chloroformate 
Fmoc -CI 
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While the Fmoc protecting group is stable to most acids, it can be removed by treatment with 
base (NH; or an amine), to regenerate the free amino group. 


Removing an Fmoc protecting group 


Ss CH0 SN NG OH ae Hao“ ae + + CO, 
O 


S TI O 


This bond is cleaved N 


The carboxy group is usually protected as a methyl or benzyl ester by reaction with an alcohol 


and an acid. 
2 
= CH,0OH, H+ HN C 
Protection of the o 2 Š a “OCH, 
carboxy group il z 
| | HN LC H R 
? yA `OH 
H R C6HsCH2OH, H* Q 
HN, Aw 
f OCH;CsHs 
H R 


These esters are usually removed by hydrolysis with aqueous base. 


H R H20, “OH hed hag 
HN, A pa 

C `OCHCsHs 

A 


One advantage of using a benzyl ester for protection is that it can also be removed with H; in the 
presence of a Pd catalyst. This process is called hydrogenolysis. These conditions are especially 
mild, because they avoid the use of either acid or base. Benzyl esters can also be removed with 
HBr in acetic acid. 


O 
Hydrogenolysis of Q {I 
HN C H HN c 

| benzyl estor ? £ ~O;CH.CHs -ao pi SOH +  CH4CeHs 


H R H R 


This bond is cleaved. 


The specific reactions needed to synthesize the dipeptide Ala-Gly are illustrated in Sample 
Problem 29.4. 
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Sample Problem 29.4 Draw out the steps in the synthesis of the dipeptide Ala—Gly. 
CH; H CH} H 
OE. yt 
HN GW + T “OH HN“ “G7 “OH 
Q H H O HH 
Ala Gly Ala-Gly 
Solution 
Step [1] Protect the NH; group of alanine using a Boc group. 
CH, H 
AW CH, H 
uy Cng" ICHaCOCORO AF 
2 ll (CH3CH3)3N Boc-N~ ~C~ 
O H Il 
O 
Ala 
Step [2] Protect the COOH group of glycine as a benzyl ester. 
2 ? 
HN C CgHgsCH2OH, H+ HN C 
2 x S Oe S p4 `OCH,CeHs 
H H H H 
Gly 
Step [3] Form the amide bond with DCC. 
CH} H 
Woa un j A a F 
—N~ Sa Er SRS DCC = N C 
Boc H i + A OCH2C6H5 E Boo-N~ "0% p SOCH;CeH; 
| i O| HH 
new amide bond 


| The amide forms here. j 


Step [4] Remove one or both protecting groups. 


The protecting groups can be removed in a stepwise fashion, or in a single reaction. 
g ERRA ERIE 
Remove the benzyl group. 


CH, H fe) | CH, H 
VON He ba i 
Boc—N~ ‘on rA “OCH,C,H, Pd-C Boo—N~ “on ra `OH 
O HH O WH 
CFzCOOH Remove the Boc group. 
CH} H 
S ANA 
HBr Ope Aa AAS 
CHCOOH HN T j: on 
(@) H H 


| Remove both protecting groups. Ala-Gly 
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This method can be applied to the synthesis of tripeptides and even larger polypeptides. After 
the protected dipeptide is prepared in Step [3], only one of the protecting groups is removed, 
and this dipeptide is coupled to a third amino acid with one of its functional groups protected, as 
illustrated in the following equations. 


- — | Carbo: y protected 
| N-Protected dipeptide j | amine acid 
CH, H 
Y N i H i 
$ N C 
Boc No w p “OH 5 yA SOCHzC6H;5 
(®) H H H H 
DCC | _ Form the amide bond. | 
Hi H H f t HB i ' F H R Vv 
< > r = š 
- sill OH 
Boog ae wees CH3COOH Hag ee “oe 
| e a 
O HH O | S HH E 
— —, Remove both | Ala-Gly-Gly 
_ new amide bond | protecting groups. | tripeptide 
m = xa } 


Problem 29,22 


Problem 29.23 


29.8 


Development of the solid phase 
technique earned Merrifield the 
1984 Nobel Prize in Chemistry 
and has made possible the 
synthesis of many polypeptides 
and proteins. 


Devise a synthesis of each peptide from amino acid starting materials: (a) Leu-Val; (b) Ala-Ile—Gly; 
(c) Ala-Gly-Ala-Gly. 


Devise a synthesis of the following dipeptide from amino acid starting materials. 


Automated Peptide Synthesis 


The method described in Section 29.7 works well for the synthesis of small peptides. It is 
extremely time-consuming to synthesize larger proteins by this strategy, however, because each 
step requires isolation and purification of the product. The synthesis of larger polypeptides is 
usually accomplished by using the solid phase technique originally developed by R. Bruce 
Merrifield of Rockefeller University. 


In the Merrifield method an amino acid is attached to an insoluble polymer. Amino acids are 
sequentially added, one at a time, thereby forming successive peptide bonds. Because impurities 
and by-products are not attached to the polymer chain, they are removed simply by washing them 
away with a solvent at each stage of the synthesis. 
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A commonly used polymer is a polystyrene derivative that contains -CH,Cl groups bonded to 
some of the benzene rings in the polymer chain. The Cl atoms serve as handles that allow attach- 
ment of amino acids to the chain. 


abbreviated as 


Polystyrene polymer 
derivative | © © © © Ca CICH,— POLYMER 
| | 


CH,CI CH,C! 


These side chains allow amino acids to be attached to the polymer. 


An Fmoc-protected amino acid is attached to the polymer at its carboxy group by an Sy2 reaction. 


A 


CI-CH,— POLYMER — 


Ri H Ry H f } it H 
; 6. GF >. _6-CH,— POLYMER 
Fmoc—N~ sg" base,  Emoo—N 5o -= Fmocn “O"" 7 o ; 
H g H m Sy2 H I 


The amino acid is now bound 
to the insoluble polymer. 


Once the first amino acid is bound to the polymer, additional amino acids can be added sequen- 
tially. The steps of the solid phase peptide synthesis technique are illustrated in the accompanying 
scheme. In the last step, HF cleaves the polypeptide chain from the polymer. 


How To Synthesize a Peptide Using the Merrifield Solid Phase Technique 


R: H 
Step [1] \i at 
Attach an Fmoc-protected amino acid Fmoc È C 
to the polymer. fe) 
[1] base 


[2] CI-CH,— POLYMER 


OZCH2— POLYMER | 


| new bond to the polymer 
Step [2] 
Remove the protecting group. 
N 
H 


Cag Chiary POLYMER 


li 
(0) 


free amino group ——>H,N~ 


How To, continued -a 


Step [4] 


Repeat Steps [2] and [3]. 


Step [5] 


Remove the protecting group and detach 
the peptide from the polymer. 


Problem 29,24 


29.9 


Step [3] H rf 
Form the amide bond with DCC. DCC) Fmoc—N oon 
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Pai 
H R2 

o RH 

x oA oth] POLYMER | 


[21DCC Ray 


>... OH 
Fmoc—N*~ œc% 
H oo 
fo) 


= 
E tm 


new amide bond 


Ç 


N 
H 


[2] HF 


Wp 


~ pOH + F-CH)— POLYMER | 
l 


A l 
o di (0) 


tripeptide 


The Merrifield method has now been completely automated, so it is possible to purchase pep- 
tide synthesizers that automatically carry out all of the above operations and form polypeptides 
in high yield in a matter of hours, days, or weeks, depending on the length of the chain of the 
desired product. For example, the protein ribonuclease, which contains 128 amino acids, has been 
prepared by this technique in an overall yield of 17%. This remarkable synthesis involved 369 
separate reactions, and thus the yield of each individual reaction was > 99%. 

Outline the steps needed to synthesize the tetrapeptide Ala-Leu-Ile-Gly using the Merrifield 
technique. 


Protein Structure 


Now that you have learned some of the chemistry of amino acids, it’s time to study proteins, the 
large polymers of amino acids that are responsible for so much of the structure and function of 
all living cells. We begin with a discussion of the primary, secondary, tertiary, and quater- 
nary structure of proteins. 
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29.9A 


29.9B 


Primary Structure 


The primary structure of proteins is the particular sequence of amino acids that is joined 
together by peptide bonds. The most important element of this primary structure is the amide 
bond. 


e Rotation around the amide C-N bond is restricted because of electron delocalization, 
and the s-trans conformation is the more stable arrangement. 
e In each peptide bond, the N-H and C=O bonds are directed 180° from each other. 


restricted rotation © 


ids . 4 /@\ 
TEN AA ; 


two amide bonds in a peptide chain 


a 
| 
| 


Although rotation about the amide bonds is restricted, rotation about the other o bonds in the 
protein backbone is not. As a result, the peptide chain can twist and bend into a variety of dif- 
ferent arrangements that constitute the secondary structure of the protein. 


Secondary Structure 


The three-dimensional conformations of localized regions of a protein are called its second- 
ary structure. These regions arise due to hydrogen bonding between the N—H proton of one 
amide and C=O oxygen of another. Two arrangements that are particularly stable are called the 
a-helix and the B-pleated sheet. 


CL... Pla 
Aus n ° 
| 


H 
i——— hydrogen bond ———>: 


O 
ll 


ZORA 


" p” x? 


o-Helix 
The o-helix forms when a peptide chain twists into a right-handed or clockwise spiral, as shown 
in Figure 29.8. Four important features of the o-helix are as follows: 


[1] Each turn of the helix has 3.6 amino acids. 

[2] The N-H and C=O bonds point along the axis of the helix. All C=O bonds point in one 
direction, and all N—H bonds point in the opposite direction. 

[3] The C=O group of one amino acid is hydrogen bonded to an N-H group four amino 
acid residues farther along the chain. Thus, hydrogen bonding occurs between two amino 
acids in the same chain. Note, too, that the hydrogen bonds are parallel to the axis of the helix. 

[4] The R groups of the amino acids extend outward from the core of the helix. 


An @-helix can form only if there is rotation about the bonds at the œ carbon of the amide carbonyl 
group, and not all amino acids can do this. For example, proline, the amino acid whose nitrogen 
atom forms part of a five-membered ring, is more rigid than other amino acids, and its Cy—N 
bond cannot rotate the necessary amount. Additionally, it has no N -H proton with which to form 
an intramolecular hydrogen bond to stabilize the helix. Thus, proline cannot be part of an o-helix. 


Both the myosin in muscle and &-keratin in hair are proteins composed almost entirely of o1-helices. 


Figure 29.8 


Two different illustrations 
of the o-helix 


Figure 29.9 


Three-dimensional structure 
of the B-pleated sheet 


a. The right-handed o-helix 


All atoms of the a-helix are drawn in this 
representation. All C=O bonds are pointing up 
and all N-H bonds are pointing down. 


B-Pleated Sheet 
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b. The backbone of the o-helix 


p 


<«— hydrogen 
bond 


3.6 residues 


Only the peptide backbone is drawn in this 
representation. The hydrogen bonds between 
the C=O and N -H of amino acids four 
residues away from each other are shown. 


The B-pleated sheet secondary structure forms when two or more peptide chains, called 
strands, line up side-by-side, as shown in Figure 29.9. All B-pleated sheets have the following 


characteristics: 


[1] The C=O and N-H bonds lie in the plane of the sheet. 
[2] Hydrogen bonding often occurs between the N-H and C=O groups of nearby amino 


acid residues. 


[3] The R groups are oriented above and below the plane of the sheet, and alternate from one 


side to the other along a given strand. 


e The B-pleated sheet consists of 
extended strands of the peptide 


2? chains held together by hydrogen 


bonding. The C=0 and N-H 
bonds lie in the plane of the 


as orange balls) alternate above 
and below the plane. 


2 sheet, and the R groups (shown 
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The B-pleated sheet arrangement most commonly occurs with amino acids with small R groups, 
like alanine and glycine. With larger R groups steric interactions prevent the chains from getting 
close together and so the sheet cannot be stabilized by hydrogen bonding. 


The peptide strands of B-pleated sheets can actually be oriented in two different ways, as shown 
in Figure 29.10. 


e In a parallel B-pleated sheet, the strands run in the same direction from the N- to 
C-terminal amino acid. 


e In an antiparallel B-pleated sheet, the strands run in the opposite direction. 


Figure 29.10 The parallel and antiparallel forms of the B-pleated sheet 


Parallel B-pleated sheet Antiparallel B-pleated sheet 


H fe) H O H O H (0) H H O 
NO. E UN e ELN Le E ; N E EN E O N A 
$- Ye ~N Rod ‘9 N kog Eá M ~ zcr ked `n `c Sor ae ‘on so" `N 
© H Po R p H Ọ H Q H 9 H 
/ ` / \ / \ i i H i i 
Hi oi p Q j a P N i 
Aa R ae eg og ono ew NS 
O H O H O H O H Oo H O H 
The two peptide chains are arranged in the same direction. The two peptide chains are arranged in opposite directions. 
Hydrogen bonds occur between N-H and C=O bonds in Hydrogen bonding between the N -H and C=O groups still 


adjacent chains. 


holds the two chains together. 


[Note: R groups on the carbon chain are omitted for clarity.] 


Most proteins have regions of œ-helix and B-pleated sheet, in addition to other regions that can- 
not be characterized by either of these arrangements. Shorthand symbols are often used to indi- 
cate regions of a protein that have o-helix or B-pleated sheet. A flat helical ribbon is used for 
the o-helix, and a flat wide arrow is used for the B-pleated sheet. These representations are often 
used in ribbon diagrams to illustrate protein structure. 


o-helix shorthand B-pleated sheet shorthand 


Proteins are drawn in a variety of ways to illustrate different aspects of their structure. Figure 
29.11 illustrates three different representations of the protein lysozyme, an enzyme found in both 
plants and animals. Lysozyme catalyzes the hydrolysis of bonds in bacterial cell walls, weakening 
them, often causing the bacteria to burst. 


Spider dragline silk is a strong yet elastic protein because it has regions of B-pleated sheet and 
regions of o-helix (Figure 29.12). a-Helical regions impart elasticity to the silk because the 
peptide chain is twisted (not fully extended), so it can stretch. B-Pleated sheet regions are almost 
fully extended, so they can’t be stretched further, but their highly ordered three-dimensional 
structure imparts strength to the silk. Thus, spider silk suits the spider by comprising both types 
of secondary structure with beneficial properties. 


Figure 29.11 Lysozyme 


a. Ball-and-stick model 
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b. Space-filling model c. Ribbon diagram 


(a) The ball-and-stick model of lysozyme shows the protein backbone with color-coded C, N, O, and S atoms. Individual amino acids 
are most clearly located using this representation. (b) The space-filling model uses color-coded balls for each atom in the backbone of 
the enzyme and illustrates how the atoms fill the space they occupy. (c) The ribbon diagram shows regions of «-helix and B-sheet that 
are not clearly in evidence in the other two representations. 


Figure 29.12 


Different regions of secondary 
structure in spider silk 


Problem 29,25 


29.9C 


and a-helices 


Spider silk has regions of a-helix and B-pleated sheet that make it both strong and elastic. 

The green coils represent the a-helical regions, and the purple arrows represent the B-pleated sheet 
regions. The yellow lines represent other areas of the protein that are neither o-helix nor 

B-pleated sheet. 


Consider two molecules of a tetrapeptide composed of only alanine residues. Draw the hydrogen 
bonding interactions that result when these two peptides adopt a parallel B-pleated sheet 
arrangement. Answer this same question for the antiparallel B-pleated sheet arrangement. 


Tertiary and Quaternary Structure 


The three-dimensional shape adopted by the entire peptide chain is called its tertiary structure. 
A peptide generally folds into a conformation that maximizes its stability. In the aqueous environ- 
ment of the cell, proteins often fold in such a way as to place a large number of polar and charged 
groups on their outer surface, to maximize the dipole-dipole and hydrogen bonding interactions with 
water. This generally places most of the nonpolar side chains in the interior of the protein, where van 
der Waals interactions between these hydrophobic groups help stabilize the molecule, too. 
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In addition, polar functional groups hydrogen bond with each other (not just water), and amino 
acids with charged side chains like -COO~ and —NH;" can stabilize tertiary structure by elec- 
trostatic interactions. 


Finally, disulfide bonds are the only covalent bonds that stabilize tertiary structure. As pre- 
viously mentioned, these strong bonds form by oxidation of two cysteine residues either on the 
same polypeptide chain or another polypeptide chain of the same protein. 


| Disulfide bonds can form in two different ways. | 


Between two SH groups on the same chain. Between two SH groups on different chains. 


CH2SH CH2—S CH,SH CHS 
[0] | [0] | 
CH,SH CH,—S HSCH, SCH, 


The nonapeptides oxytocin and vasopressin (Section 29.5C) contain intramolecular disulfide bonds. 
Insulin, on the other hand, consists of two separate polypeptide chains (A and B) that are covalently 
linked by two intermolecular disulfide bonds, as shown in Figure 29.13. The A chain, which also has 
an intramolecular disulfide bond, has 21 amino acid residues, whereas the B chain has 30. 


Figure 29.13 | The amino acid sequence of human insulin | 
Insulin 5 n 


residue 1 
— | yr | 21 
| A chain | ipda n o a ee 
ŝ 8 9 10 g 
l / 
S S 
/ 


f e 

. B chain PhevalAsnGin-Hls-Leu-Cys-Gly-SerHis Leu Val-Glu:Ala-Leu-Tyr-Leu-Val-Oys-Gly 
‘Thr-Lys-Pro-Thr-Tyr-Phe-Phe-Gly-Arg-Glu 
30 


residue 1 


Insulin is a small protein consisting of two polypeptide chains (designated as the A and B chains) held together by two disulfide bonds. 
An additional disulfide bond joins two cysteine residues within the A chain. 


3-D model! of insulin islets of Langerhans pancreas 


Synthesized by groups of cells in the pancreas called the islets of Langerhans, insulin is the protein that regulates the levels of glucose 
in the blood, Insufficiency of insulin results in diabetes. Many of the abnormalities associated with this disease can be controlled by 
the injection of insulin. Until the availability of human insulin 


through genetic engineering techniques, all insulin used by Chain A Chain B 
diabetics was obtained from pigs and cattle. The amino acid Position of residue > 30 
sequences of these insulin proteins is slightly different from Humaninsulin Thr 
that of human insulin. Pig insulin differs in one amino acid only, Pig insulin Ala 
whereas bovine insulin has three different amino acids. This is oo. , 

Bovine insulin Ala 


shown in the accompanying table. 


Figure 29.14 

The stabilizing interactions in 
secondary and tertiary 
protein structure 
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hydrogen bond 


hydrogen bond 


| hydrogen bond 


hydrogen bond 7 * 
X helical 
structure 


disulfide bond | 


electrostatic 
attraction 


van der Waals 
interaction 


van der Waals 
interaction 


Figure 29.14 schematically illustrates the many different kinds of intramolecular forces that sta- 
bilize the secondary and tertiary structures of polypeptide chains. 


The shape adopted when two or more folded polypeptide chains aggregate into one protein 
complex is called the quaternary structure of the protein. Each individual polypeptide chain 
is called a subunit of the overall protein. Hemoglobin, for example, consists of two & and two 
P subunits held together by intermolecular forces in a compact three-dimensional shape. The 
unique function of hemoglobin is possible only when all four subunits are together. 


The four levels of protein structure are summarized in Figure 29.15. 


Figure 29.15 The primary, secondary, tertiary, and quaternary structure of proteins 


amino acid sequence 


Primary structure 
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3-D shape of a protein complex of 
polypeptide chain polypeptide chains 
a-helix 
Secondary structure Tertiary structure Quaternary structure 
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Problem 29.26 


Problem 29.27 


29.10 


29.10A 


Figure 29.16 
Anatomy of a hair— 
It begins with o-keratin. 


What types of stabilizing interactions exist between each of the following pairs of amino acids? 
a. Ser and Tyr b. Val and Leu c. two Phe residues 


The fibroin proteins found in silk fibers consist of large regions of B-pleated sheets stacked one on 
top of another. (a) Explain why having a glycine at every other residue allows the B-pleated sheets 
to stack on top of each other. (b) Why are silk fibers insoluble in water? 


Important Proteins 
Proteins are generally classified according to their three-dimensional shapes. 


e Fibrous proteins are composed of long linear polypeptide chains that are bundled together 
to form rods or sheets. These proteins are insoluble in water and serve structural roles, giving 
strength and protection to tissues and cells. 

e Globular proteins are coiled into compact shapes with hydrophilic outer surfaces that make 
them water soluble. Enzymes and transport proteins are globular to make them soluble in the 
blood and other aqueous environments in cells. 


a-Keratins 


a-Keratins are the proteins found in hair, hooves, nails, skin, and wool. They are composed 
almost exclusively of long sections of o-helix units, having large numbers of alanine and leucine 
residues. Because these nonpolar amino acids extend outward from the o-helix, these proteins 
are very water insoluble. Two o-keratin helices coil around each other, forming a structure called 
a supercoil or superhelix. These, in turn, form larger and larger bundles of fibers, ultimately 
forming a strand of hair, as shown schematically in Figure 29.16. 


Hair is composed of a-keratin, @© > b 

made up largely of an a-helix. AASS IIS 
Two a-helices wind around J / , 

each other to form a supercoil. ars La < 


R of hair 


Supercoil 
Larger bundles of strands 
come together to form a hair. 


&-Keratins also have a number of cysteine residues, and because of this, disulfide bonds are 
formed between adjacent helices. The number of disulfide bridges determines the strength of the 
material. Claws, horns, and fingernails have extensive networks of disulfide bonds, making them 
extremely hard. 


Straight hair can be made curly by cleaving the disulfide bonds in o-keratin, and then rearranging 
and re-forming them, as shown schematically in Figure 29.17. First, the disulfide bonds in the 
straight hair are reduced to thiol groups, so the bundles of -keratin chains are no longer held in 
their specific “straight” orientation. Then, the hair is wrapped around curlers and treated with an 
oxidizing agent that converts the thiol groups back to disulfide bonds, now with twists and turns in 
the keratin backbone. This makes the hair look curly and is the chemical basis for a “permanent.” 


Figure 29.17 


The chemistry of a 
“permanent” — Making 
straight hair curly 


29.10B 


Figure 29.18 


Two different representations 
for the triple helix of collagen 


29.10C 
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Straight hair Curly hair 


Re-form the disulfide bonds 
to form curled strands of hair. 


To make straight hair curly, the disulfide bonds holding the a-helical chains together are cleaved by 
reduction. This forms free thiol groups (-SH). The hair is turned around curlers and then an oxidizing 
agent is applied. This re-forms the disulfide bonds in the hair, but between different thiol groups, now 
giving it a curly appearance. 


Collagen 


Collagen, the most abundant protein in vertebrates, is found in connective tissues such as bone, 
cartilage, tendons, teeth, and blood vessels. Glycine and proline account for a large fraction of 
its amino acid residues, whereas cysteine accounts for very little. Because of the high proline 
content, it cannot form a right-handed o-helix. Instead, it forms an elongated left-handed helix, 
and then three of these helices wind around each other to form a right-handed superhelix or triple 
helix. The side chain of glycine is only a hydrogen atom, so the high glycine content allows the 
collagen superhelices to lie compactly next to each other, thus stabilizing the superhelices via 
hydrogen bonding. Two views of the collagen superhelix are shown in Figure 29.18. 


è In collagen, three polypeptide chains having an unusual left-handed helix wind around each other 
in a right-handed triple helix. The high content of small glycine residues allows the chains to lie 
close to each other, permitting hydrogen bonding between the chains. 


Hemoglobin and Myoglobin 


Hemoglobin and myoglobin, two globular proteins, are called conjugated proteins because they 
are composed of a protein unit and a nonprotein molecule called a prosthetic group. The pros- 
thetic group in hemoglobin and myoglobin is heme, a complex organic compound containing the 
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Figure 29.19 


Protein ribbon diagrams for 
myoglobin and hemoglobin 


When red blood cells take on a 
“sickled” shape in persons with 
sickle cell disease, they occlude 
capillaries (causing organ injury) 
and they break easily (leading 
to profound anemia). This 
devastating illness results from 
the change of a single amino 
acid in hemoglobin. Note the 
single sickled cell surrounded 
by three red cells with normal 
morphology. 
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a. Myoglobin 


b. Hemoglobin 


Myoglobin consists of a single 
polypeptide chain with a heme unit 
shown in a ball-and-stick model. 


Hemoglobin consists of two o and two B chains 
shown in red and blue, respectively, and four 
heme units shown in ball-and-stick models. 


Fe** ion complexed with a nitrogen heterocycle called a porphyrin. The Fe** ion of hemoglobin 
and myoglobin binds oxygen in the blood. Hemoglobin, which is present in red blood cells, trans- 
ports oxygen to wherever it is needed in the body, whereas myoglobin stores oxygen in tissues. 
Ribbon diagrams for myoglobin and hemoglobin are shown in Figure 29.19. 


Myoglobin, the chapter-opening molecule, has 153 amino acid residues in a single polypeptide 
chain. It has eight separate o-helical sections that fold back on one another, with the prosthetic 
heme group held in a cavity inside the polypeptide. Most of the polar residues are found on the 
outside of the protein so that they can interact with the water solvent. Spaces in the interior of the 
protein are filled with nonpolar amino acids. Myoglobin gives cardiac muscle its characteristic 
red color. 


Hemoglobin consists of four polypeptide chains (two œ subunits and two B subunits), each of 
which carries a heme unit. Hemoglobin has more nonpolar amino acids than myoglobin. When 
each subunit is folded, some of these remain on the surface. The van der Waals attraction between 
these hydrophobic groups is what stabilizes the quaternary structure of the four subunits. 


Carbon monoxide is poisonous because it binds to the Fe** of hemoglobin more strongly than 
does oxygen. Hemoglobin complexed with CO cannot carry O, from the lungs to the tissues. 
Without O; in the tissues for metabolism, cells cannot function, so they die. 


The properties of all proteins depend on their three-dimensional shape, and their shape depends 
on their primary structure—that is, their amino acid sequence. This is particularly well exempli- 
fied by comparing normal hemoglobin with sickle cell hemoglobin, a mutant variation in which 
a single amino acid of both B subunits is changed from glutamic acid to valine. The replacement 
of one acidic amino acid (Glu) with one nonpolar amino acid (Val) changes the shape of hemo- 
globin, which has profound effects on its function. Deoxygenated red blood cells with sickle cell 
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hemoglobin become elongated and crescent shaped, and they are unusually fragile. As a result, they 
do not flow easily through capillaries, causing pain and inflammation, and they break open easily, 
leading to severe anemia and organ damage. The end result is often a painful and premature death. 


This disease, called sickle cell anemia, is found almost exclusively among people originating 
from central and western Africa, where malaria is an enormous health problem. Sickle cell hemo- 
globin results from a genetic mutation in the DNA sequence that is responsible for the synthesis 
of hemoglobin. Individuals who inherit this mutation from both parents develop sickle cell 
anemia, whereas those who inherit it from only one parent are said to have the sickle cell trait. 
They do not develop sickle cell anemia and they are more resistant to malaria than individuals 
without the mutation. This apparently accounts for this detrimental gene being passed on from 
generation to generation. 


KEY CONCEPTS = 


Amino Acids and Proteins 


Synthesis of Amino Acids (29.2) 
[1] From a-halo carboxylic acids by Sy2 reaction 


NH 
R-CHCOOH -=——"—+ R-CHCOO-NH,;* + NH#Br 
Í (large excess) i 
Br S42 NH, 


[2] By alkylation of diethyl acetamidomalonate 


O H 
\ | [1] NaOEt l 
Py oe Tnx ‘MeN-G~COOH e Alkylation works best with unhindered alkyl halides—that 
CH3 COOEt [3] HzO*, A H is, CH3X and RCHoX. 


[3] Strecker synthesis 


il NH,CI ie à + wA 
R Êh NaCN i: OOH 


a-amino nitrile 


Preparation of Optically Active Amino Acids 
[1] Resolution of enantiomers by forming diastereomers (29.3A) 
e Convert a racemic mixture of amino acids into a racemic mixture of N-acetyl amino acids [(S)- and (R)-CH3CONHCH(R)COOH]. 
e Treat the enantiomers with a chiral amine to form a mixture of diastereomers. 
e Separate the diastereomers. 
e Regenerate the amino acids by protonation of the carboxylate salt and hydrolysis of the N-acetyl group. 


[2] Kinetic resolution using enzymes (29.3B) 


HN, 5 -COOH (CH3CO),0 AO „COOH acylase HN, o _COOH 
ie o ie -_ i- 
H R H R H R 
(S)-isomer (S)-isomer | oe 
HN COOH Gy.co),0 ANH COOH savage AeNH COOH 
i —— £ Ss ; — 
R H R H 4- 
(R)-isomer R H 


enantiomers enantiomers NO REACTION 
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[3] By enantioselective hydrogenation (29.4) 


R NHAC yp = ACNH. COOH HO,7OH HN, __ COOH 
C=C a=) C a C 

A RA i- ie 

H è Soor H CHR H CHR 


S enantiomer S amino acid 
Rh* = chiral Rh hydrogenation catalyst 


Summary of Methods Used for Peptide Sequencing (29.6) 


e Complete hydrolysis of all amide bonds in a peptide gives the identity and amount of the individual amino acids. 

e Edman degradation identifies the N-terminal amino acid. Repeated Edman degradations can be used to sequence a peptide from 
the N-terminal end. 

e Cleavage with carboxypeptidase identifies the C-terminal amino acid. 

e Partial hydrolysis of a peptide forms smaller fragments that can be sequenced. Amino acid sequences common to smaller 
fragments can be used to determine the sequence of the complete peptide. 

e Selective cleavage of a peptide occurs with trypsin and chymotrypsin to identify the location of specific amino acids (Table 29.2). 


Adding and Removing Protecting Groups for Amino Acids (29.7) 
[1] Protection of an amino group as a Boc derivative 


R H RH 
S [(CH3)4COCO],0 \; 
- — A o 
H,N~  ©CO,H (CH3CH2)3N Boc-N~ “CO.H 


[2] Deprotection of a Boc-protected amino acid 


RH CF,CO,H R H 
\: ie N: 
Č — 36 


Boc-N~ ~CO3H HCI or HBr H-N“ “COH 
H 2 2 


[3] Protection of an amino aroun as an Fmoc derivative 


RA o he 
N G NaCO GOH 
H yong + CHO” ~CI ——— + Fmoc-N~ ~C~ 
2 j A HG H g 
0 \ 
a Fmoc—Cl 
[4] Deprotection of an Fmoc-protected amino acid 
RH RH 
t OH ¥ OH 
Fmoc—N~ ‘om — HNI kg 
O O O 
N 
H 
[5] Protection of a carboxy group as an ester 
? ? ? Q 
HN Cc CH,OH, H+ HN C HN C CgH5CH2OH, H* HN C 
2 Pa SOH eth et a 2 pi OCH, 2 ra SOH OLSA 2 Spr SOCH,CsHs 
H R HR HR R 


methyl ester benzyl ester 
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[6] Deprotection of an ester group 


g Q ? q 
HN. JC. - HN. _C HN, „C H20, “OH HN, __C 
$ Pa SOCH; ean 2 ya `OH £ yi `OCH:CsHs — rr ~ ”? Fd “OH 
HR HR H R Ha, Pd-C H R 
methyl ester benzyl ester 
Synthesis of Dipeptides (29.7) 
[1] Amide formation with DCC 
R H RH 
k OH HN i ja N R 
Boc-N^  ~C~ + 2 ~o NOCH;Cehs DCC. Bowie? g7 SOCH2CgHs 
H Il {= H I fj 
(6) HR O R 


[2] Four steps are needed to synthesize a dipeptide: 
a. Protect the amino group of one amino acid with a Boc or Fmoc group. 
b. Protect the carboxy group of the second amino acid as an ester. 
c. Form the amide bond with DCC. 
d. Remove both protecting groups in one or two reactions. 


Summary of the Merrifield Method of Peptide Synthesis (29.8) 


[1] Attach an Fmoc-protected amino acid to a polymer derived from polystyrene. 
[2] Remove the Fmoc protecting group. 

[3] Form the amide bond with a second Fmoc-protected amino acid by using DCC. 
[4] Repeat steps [2] and [3]. 

[5] Remove the protecting group and detach the peptide from the polymer. 


PROBLEMS a 


Problems Using Three-Dimensional Models 


29.28 Draw the product formed when the following amino acid is treated with each reagent: (a) CHOH, H*; (b) CHsCOCI, pyridine; 
(c) HCI (1 equiv); (d) NaOH (1 equiv); (e) CSH;N=C=S. 


ed 

“9% 0? 
6 ed 

v OA aa 


v 
v 


29.29 With reference to the following peptide: (a) Identify the N-terminal and C-terminal amino acids. (b) Name the peptide using one- 
letter abbreviations. (c) Label all the amide bonds in the peptide backbone. 
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29.30 Devise a synthesis of the following dipeptide from amino acid starting materials. 


Amino 


29.31 


29.32 
29.33 


29.34 


29.35 
29.36 


29.37 


29.38 


29.39 


cide 


n 
O ACIOS 


CHs a. (S)-Penicillamine, an amino acid that does not occur in proteins, is used as a copper 
CH3—C—CH-COOH chelating agent to treat Wilson’s disease, an inherited defect in copper metabolism. 
SH NH, (R)-Penicillamine is toxic, sometimes causing blindness. Draw the structures of (R)- and 
penicillamine (S)-penicillamine. 
b. What disulfide is formed from oxidation of L-penicillamine? 
Explain why amino acids are insoluble in diethyl ether but N-acetyl amino acids are soluble. 


Histidine is classified as a basic amino acid because one of the N atoms in its five-membered ring is readily protonated by acid. 
Which N atom in histidine is protonated and why? 


Tryptophan is not classified as a basic amino acid even though it has a heterocycle containing a nitrogen atom. Why is the N 
atom in the five-membered ring of tryptophan not readily protonated by acid? 


What is the structure of each amino acid at its isoelectric point: (a) alanine; (b) methionine; (c) aspartic acid; (d) lysine? 


To calculate the isoelectric point of amino acids having other ionizable functional groups, we must also take into account the 
pK, of the additional functional group in the side chain. 


For an acidic amino acid (one with an additional acidic For a basic amino acid (one with an additional basic NH 
OH group): group): 
gie pK, (&-COOH) + pKa (second COOH) aie pK, (&-NH3*) + pK, (side chain NH) 

= 2 j 2 


a. Indicate which pKa values must be used to calculate the p/ of each of the following amino acids: [1] glutamic acid; 
[2] lysine; [3] arginine. 

b. In general, how does the p/ of an acidic amino acid compare to that of a neutral amino acid? 

c. In general, how does the p/ of a basic amino acid compare to the p/ of a neutral amino acid? 


What is the predominant form of each of the following amino acids at pH = 1? What is the overall charge on the amino acid at 
this pH? (a) threonine; (b) methionine; (c) aspartic acid; (d) arginine 


What is the predominant form of each of the following amino acids at pH = 11? What is the overall charge on the amino acid? 
(a) valine; (b) proline; (c) glutamic acid; (d) lysine 

a. Draw the structure of the tripeptide A-A-A, and label the two ionizable functional groups. 

b. What is the predominant form of A-A-A at pH = 1? 


c. The pK, values for the two ionizable functional groups (3.39 and 8.03) differ considerably from the pK, values of alanine 
(2.35 and 9.87; see Table 29.1). Account for the observed pK, differences. 


Synthesis and Reactions of Amino Acids 


29.40 


Draw the organic product formed when the amino acid leucine is treated with each reagent. 

a. CHOH, H* g. CgHsCOCl, pyridine 

CH3COCI, pyridine h. [(CH3)3COCO].0, (CH3CH2)3N 

CgHsCH2OH, H* i. The product in (d), then NHz,CHsCOOCH, + DCC 
Ac.O, pyridine j. The product in (h), then NH2CH,COOCH + DCC 
HCI (1 equiv) k. Fmoc-Cl, NazCO3, H2O 
NaOH (1 equiv) Il. CgHsN=C=S 


moaod 
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29.41 Draw the organic products formed in each reaction. 


NH3 Ila [1] NH,Cl, NaCN 
a. diii niii A d. CHO CHO ARo 
f 
[1] NaOEt [1] NaOEt 
b. CH3CONHCH(COOE?)» EO e. CH,CONHCH(COOE?), [P}CICH,CH,CH,CH,NHAG 
po-{ joher [3] Hg0*, A 
CH3 
[3] H,O*, A 
fe) fe) 
K E a A [1] NH,Cl, NaCN 
E: È [2] H;O* 


29.42 What alkyl halide is needed to synthesize each amino acid from diethyl acetamidomalonate: (a) Asn; (b) His; (c) Trp? 
29.43 Devise a synthesis of threonine from diethyl acetamidomalonate. 
29.44 Devise a synthesis of each amino acid from acetaldehyde (CH3CHO): (a) glycine; (b) alanine. 


29.45 Identify the lettered intermediates in the following reaction scheme. This is an alternative method to synthesize amino acids, 
based on the Gabriel synthesis of 1° amines (Section 25.7A). 


Oo 
N-Kt 

P Brz O [1] NaOEt [1] NaOH, H2O 

He(COCEN2 GHcoon ^ B j2)CICH,CH,SCH, ° RIPO A 


29.46 Glutamic acid is synthesized by the following reaction sequence. Draw a stepwise mechanism for Steps [1]-[3]. 
COOEt 


[1] NaOEt | H30+* H N—CHCOOH 
CHCONHCH(COOEt)» [2] CH=CHCOOEt CHsCONH-G- COOEt -aF CH, 
[3] HOt CH2CH,COOEt ¢H,COOH 
glutamic acid 


29.47 Identify A-E in the following reaction sequence. E was converted to amphikuemin, the compound secreted by a sea anemone 
of the genus Heteractis that attracts pink anemonefish to live among its stinging tentacles. Amphikuemin is depicted in the 
three-dimensional model on the cover. 


O 
HN 
2 Z “OCH; 
SON j] DIBAL-H PhsP=CHCO,Et Ho [1] KOH, HzO Boc—NH H 
Í ——__ > ———— p —*+ ¢ ——— p E 
x [2] HO Pd-C [2] H30* DCC 
N 


Resolution; The Synthesis of Chiral Amino Acids 
29.48 Write out a scheme for the resolution of the two enantiomers of the antiplatelet drug clopidogrel with 10-camphorsulfonic acid. 


CH,O_ O 


cl 
eT ¥ i. 
s a HOS o 


clopidogrel 10-camphorsulfonic acid 
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29.49 


29.50 


29.51 


29.52 
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Another strategy used to resolve amino acids involves converting the carboxy group to an ester and then using a chiral 
carboxylic acid to carry out an acid-base reaction at the free amino group. The general plan is drawn below using 

(R)-mandelic acid as resolving agent. Using a racemic mixture of alanine enantiomers and (R)-mandelic acid as resolving agent, 
write out the steps showing how a resolution process would occur. 


H OH 
Peele 
NH CHCOOH CHOH NH CHCOOCH; CeHs “COOH diastereomeric [1] separate individual 
i H* i salts [2]base amino acids 


(two enantiomers) (two enantiomers) res 
(R)-mandelic acid 


Brucine is a poisonous alkaloid obtained from Strychnos nux vomica, a tree that grows in India, Sri Lanka, and northern 
Australia. Write out a resolution scheme similar to the one given in Section 29.3A, which shows how a racemic mixture of 
phenylalanine can be resolved using brucine. 


CH0 
CH0 
brucine 
Draw the organic products formed in each reaction. 
COOH 
NH» = 
| AcO acylase H -OH 
a. (CHs)sCH-CH-COOH = C c. Ao NAG aa “HO 
racemic mixture Rh catalyst 
N 
H 
CH3,CONH 
b a NHCOCH = On. 
: == 3 chiral HO 


Rh catalyst 
COOH 


What two steps are needed to convert A to L-dopa, an uncommon amino acid that is effective in treating Parkinson's disease? 
These two steps are the key reactions in the first commercial asymmetric synthesis using a chiral transition metal catalyst. This 
process was developed at Monsanto in 1974. 


a Di “ik 
N_ CH, 2 ANH 
ce ne 
AS 0 


H 
= A L-dopa 


Peptide Structure and Sequencing 


29.53 Draw the structure for each peptide: (a) Phe—Ala; (b) Gly—Gin; (c) Lys—Gly; (d) R-H. 


29.54 For the tetrapeptide Asp—Arg—Val-Tyr: 


a. Name the peptide using one-letter abbreviations. c. Label all amide bonds. 
b. Draw the structure. d. Label the N-terminal and C-terminal amino acids. 


29.55 Name each peptide using both the three-letter and one-letter abbreviations of the component amino acids. 


CHCOOH 
i HH o 
HH o CHH ft oi 
a. ZG. _Ns GG. JOH GC © N Ẹ 
HN “SC “Se N CG 48 Ho 
tf H M H CH H CH; 
O O 2 
H CH, l 
COOH qhe 
çh 
NH 
Zor 


29.56 
29.57 
29.58 


29.59 


29.60 


29.61 


29.62 
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Explain why a peptide C -N bond is stronger than an ester C-O bond. 
Draw the s-trans and s-cis conformations of the peptide bond in the dipeptide Ala-Ala. 


Draw the amino acids and peptide fragments formed when the decapeptide A-P-F-L-K-W-S-G-R-G is treated with each 
reagent or enzyme: (a) chymotrypsin; (b) trypsin; (c) carboxypeptidase; (d) CgH;N=C=S. 


Give the amino acid sequence of each peptide using the fragments obtained by partial hydrolysis of the peptide with acid. 
a. a tetrapeptide that contains Ala, Gly, His, and Tyr, which is hydrolyzed to the dipeptides His-Tyr, Gly-Ala, and Ala-His 
b. a pentapeptide that contains Glu, Gly, His, Lys, and Phe, which is hydrolyzed to His—Gly-Glu, Gly-Glu-Phe, and Lys-His 


Angiotensin is an octapeptide that narrows blood vessels, thereby increasing blood pressure. ACE inhibitors are a group of 
drugs used to treat high blood pressure by blocking the synthesis of angiotensin in the body. Angiotensin contains the amino 
acids Arg (2 equiv), His, Ile, Phe, Pro, Tyr, and Val. Determine the sequence of angiotensin using the following fragments 
obtained by partial hydrolysis with acid: Ile-His—Pro—Phe, Arg—Arg—Val, Tyr-Ile-His, and Val-Tyr. 


Use the given experimental data to deduce the sequence of an octapeptide that contains the following amino acids: Ala, Gly 
(2 equiv), His (2 equiv), Ile, Leu, and Phe. Edman degradation cleaves Gly from the octapeptide, and carboxypeptidase forms 
Leu and a heptapeptide. Partial hydrolysis forms the following fragments: Ile-His-Leu, Gly, Gly-Ala-Phe-His, and Phe-His-Ile. 


An octapeptide contains the following amino acids: Arg, Glu, His, Ile, Leu, Phe, Tyr, and Val. Carboxypeptidase treatment of the 
octapeptide forms Phe and a heptapeptide. Treatment of the octapeptide with chymotrypsin forms two tetrapeptides, A and B. 
Treatment of A with trypsin yields two dipeptides, C and D. Edman degradation cleaves the following amino acids from each 
peptide: Glu (octapeptide), Glu (A), Ile (B), Glu (C), and Val (D). Partial hydrolysis of tetrapeptide B forms Ile—Leu in addition to 
other products. Deduce the structure of the octapeptide and fragments A-D. 


Peptide Synthesis 
29.63 Draw all the products formed in the following reaction. 
Bs OH t HN, oN Dee, 
Ben C Cc OH 
4 a 
H CH(CH3)2 
29.64 Draw the organic products formed in each reaction. 
Il H ? 
HNC CH3OH, H* H Hə 
a. 2 og SOH — e. (C BeOS eet GS OCH Pa- 
H CH(CHə)z O H CH(CHs)o 
ji 
HN Cx CeHsCH20H, H$ : h HBr 
b. rA OH f. starting material in (e) CH,COOH 
H CH»CH(CHs)> 
[(CHg)gCOCO},0 , CF,COOH 
c. NH sCH,COOH (CHsCH>)3N g. productin(e) —-— 
(6) 
il 
Cy 
duct in (b) + product in (c) DEG h É i + Fmoc-Cl as r 
uct i A = ——> 
d. pro p : HN H H20 
29.65 Draw all the steps in the synthesis of each peptide from individual amino acids: (a) Gly-Ala; (b) Ile-Ala-Phe. 
29.66 Write out the steps for the synthesis of each peptide using the Merrifield method: (a) Ala-Leu-Phe-Phe; (b) Phe—Gly-Ala-lle. 
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29.67 Another method to form a peptide bond involves a two-step process: 
[1] Conversion of a Boc-protected amino acid to a p-nitrophenyl ester. 


[2] Reaction of the p-nitrophenyl ester with an amino acid ester. 


Ry H X H RIH a 9 
0. joe D, E0 no, — B Ca a 
Boc-N C Boc—N C 2 O Boc=N Ç £ OR 
I a 
2 0 HN, Cr O| HR 
i a di- new amide bond 
H Ro 


+ o= jro, 


a. Why does a p-nitrophenyl ester “activate” the carboxy group of the first amino acid to amide formation? 
b. Would a p-methoxyphenyl ester perform the same function? Why or why not? 


\e 
J6 -Om OCH 
Boc=N c $ 
(0) 


p-methoxypheny! ester 


29.68 In addition to forming an Fmoc-protected amino acid using Fmoc-Cl, an Fmoc protecting group can also be added to an amino 


group using reagent A. 
a. Draw the mechanism for the following reaction that adds an Fmoc group to an amino acid. 


Ry Q 
i = 


O J 
Boe : matt Js OH 
= 4 —— + HO— 
* CH20 O—N vg Na,CO, . CH,07 C O—N 


g HO O 
A O Fmoc-protected o 
amino acid N-hydroxy- 
succinimide 


b. Draw the mechanism for the reaction that removes an Fmoc group from an amino acid under the following conditions: 


CÀ o RE © C) 

il h N = 
* coho Ne eH, [ + Cô; + \; OH 
2 H f DMF a HNI `c, 


29.69 Many different insoluble polymers, called resins, are currently available for automated peptide synthesis. For example, the Wang 
resin contains benzene rings substituted with -CH,OH groups that serve as sites of attachment for amino acids. Propose 
reaction conditions that would bind an Fmoc-protected amino acid to a Wang resin. What reaction conditions could be used to 


remove the polypeptide from the resin after the synthesis is complete? 


JQQQQ 


j O (0) 
Wang resin 
OH 


me] 
Er 


Problems 1193 


Proteins 
29.70 Which of the following amino acids are typically found in the interior of a globular protein, and which are typically found on the 
surface: (a) phenylalanine; (b) aspartic acid; (c) lysine; (d) isoleucine; (e) arginine; (f) glutamic acid? 
29.71 After the peptide chain of collagen has been formed, many of the proline residues are hydroxylated on one of the ring carbon 
atoms. Why is this process important for the triple helix of collagen? 
(0) 16) 


OH 


Challenge Problems 
29.72 Devise a stepwise synthesis of the tripeptide Val-Leu—Val from 3-methylbutanal [(CH3)2CHCH,CHO] as the only organic starting 
material. You may also use any required inorganic or organic reagents. 


29.73 Besides asymmetric hydrogenation (Section 29.4), several other methods are now available for the synthesis of optically active 
amino acids. How might a reaction like the Strecker synthesis be adapted to the preparation of chiral amino acids? 


29.74 The anti-obesity drug orlistat works by irreversibly inhibiting pancreatic lipase, an enzyme responsible for the hydrolysis of 
triacylglycerols in the intestines, so they are excreted without metabolism. Inhibition occurs by reaction of orlistat with a serine 
residue of the enzyme, forming a covalently bound, inactive enzyme product. Draw the structure of the product formed during 
inhibition. 


29.75 As shown in Mechanism 29.2, the final steps in the Edman degradation result in rearrangement of a thiazolinone to an 
N-phenylthiohydantoin. Draw a stepwise mechanism for this acid-catalyzed reaction. 


O fe) 
CH 
ae H,0* š ras 
R â ——— R 
CoHsy/y A~n 
H 


thiazolinone N-phenylthiohydantoin 


30.2 
30.3 
30.4 
30.5 
30.6 
30.7 
30.8 
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Introduction 
Waxes 
Triacylglycerols 
Phospholipids 
Fat-soluble vitamins 
Eicosanoids 
Terpenes 

Steroids 


FIRST % = 
CHECK : 


SHOLESTEROL 


HOME TES] 


TO USE 
EASY L4 - 


Cholesterol is the most prominent member of the steroid family, a group of organic lipids that 
contains a tetracyclic structure. Cholesterol is synthesized in the liver and is found in almost all 
body tissues. It is a vital component for healthy cell membranes and serves as the starting mate- 
rial for the synthesis of all other steroids. But, as the general public now knows well, elevated 
cholesterol levels can lead to coronary artery disease. For this reason, consumer products are 
now labeled with their cholesterol content. In Chapter 30, we learn about the properties of 
cholesterol and other lipids. 


30.1 


The word lipid comes from the 
Greek word lipos for “fat.” 


Figure 30.1 


Three examples of lipids 


HO 


oe ~—”™" “coon O 
è oO ee AA, 


HO 6H 
PGFoy, 
a prostaglandin 
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We conclude the discussion of the organic molecules in biological systems by 
turning our attention to lipids, biomolecules that are soluble in organic solvents. Unlike the car- 
bohydrates in Chapter 28 and the amino acids and proteins in Chapter 29, lipids contain many 
carbon-carbon and carbon—hydrogen bonds and few functional groups. 


Since lipids are the biomolecules that most closely resemble the hydrocarbons we studied in 
Chapters 4 and 10, we have already learned many facts that directly explain their properties. Since 
there is no one functional group that is present in all lipids, however, the chemistry of lipids draws 
upon knowledge learned in many prior chapters. 


Introduction 
e Lipids are biomolecules that are soluble in organic solvents. 


Lipids are unique among organic molecules because their identity is defined on the basis of a 
physical property and not by the presence of a particular functional group. Because of this, lipids 
come in a wide variety of structures and they have many different functions in the cell. Three 
examples are given in Figure 30.1. 


The large number of carbon-carbon and carbon-hydrogen © bonds in lipids makes them 
very soluble in organic solvents and insoluble in water. Monosaccharides (from which carbo- 
hydrates are formed) and amino acids (from which proteins are formed), on the other hand, are 
very polar, so they tend to be water soluble. Because lipids share many properties with hydrocar- 
bons, several features of lipid structure and properties have already been discussed. Table 30.1 
summarizes sections of the text where aspects of lipid chemistry were covered previously. 


Table 30.1 Summary of Lipid Chemistry Discussed Prior to Chapter 30 | 


Topic Section Topic Section 
e Vitamin A 3.5 e Lipid oxidation 15.11 
e Soap 3.6 è Vitamin E 15.12 
e Phospholipids, the cell membrane 3.7 e Steroid synthesis 16.14 
e Lipids Part 1 4.15 e Prostaglandins 19.6 
e Leukotrienes 9.16 e Lipid hydrolysis 22.12A 
e Fats and oils 10.6 e Soap 22.12B 
e Oral contraceptives 11.4 e Cholesteryl esters 2214 
e Hydrogenation of oils 12.4 e Steroid synthesis 24.8 


oO a triacylglycerol progesterone 
a steroid 


All lipids have many C-C and C-H bonds, but there is no one functional group common to all lipids. 
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Lipids can be categorized as hydrolyzable or nonhydrolyzable. 


[1] Hydrolyzable lipids can be cleaved into smaller molecules by hydrolysis with water. 
Most hydrolyzable lipids contain an ester unit. We will examine three subgroups: waxes, 
triacylglycerols, and phospholipids. 


Hydrolyzable 
| lipids 


Di i; t = 
| waxes | triacylglycerols | phospholipids | 
[2] Nonhydrolyzable lipids cannot be cleaved into smaller units by aqueous hydrolysis. 


Nonhydrolyzable lipids tend to be more varied in structure. We will examine four different 
types: fat-soluble vitamins, eicosanoids, terpenes, and steroids. 


Nonhydrolyzable 
lipids 


| == — p 


fat-soluble vitamins | ‘eicosanoids | terpenes | steroids 


30.2 Waxes 


Waxes are the simplest hydrolyzable lipids. Waxes are esters (RCOOR') formed from a high 
molecular weight alcohol (R'OH) and a fatty acid (RCOOH). 


Because of their long hydrocarbon chains, waxes are very hydrophobic. They form a protec- 
tive coating on the feathers of birds to make them water repellent, and on leaves to prevent water 
evaporation. Lanolin, a wax composed of a complex mixture of high molecular weight esters, 
coats the wool fibers of sheep. Spermaceti wax, isolated from the heads of sperm whales, is 
largely CH3(CH>),4COO(CH),),;CH3. The three-dimensional structure of this compound shows 
how small the ester group is compared to the long hydrocarbon chains. 


Water beads up on the surface 
of a leaf because of the leaf’s 


j Wax | Example | 
waxy coating. ; Sal 
Q Q 
HOn pes 
R OR' CH3(CHo)44 O(CH»)45CH3 


long chains of C’s spermaceti wax (from sperm whales) 


oe Oe Oe Oe ee ee ea ae ae ee a 


% «+ 2% 2? ¢ ¢ # # ee: 3: T ¥ Y 


spermaceti wax 
3-D structure 


Problem 30.) One component of jojoba oil is a wax formed from eicosenoic acid 
[CH3(CH2)7CH = CH(CH2)gCO2H] and CH3(CH2)7CH = CH(CH»)gOH. Draw the structure of the wax, 
including the cis geometry of both carbon-carbon double bonds. 


The seeds of the jojoba plant 
grown in the southwestern 
United States are rich in 
waxes used in cosmetics and 
personal care products. 
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30.3 Triacylglycerols 


Triacylglycerols, or triglycerides, are the most abundant lipids, and for this reason we have 
already discussed many of their properties in earlier sections of this text. 


e Triacylglycerols are triesters that produce glycerol and three molecules of fatty acid 
upon hydrolysis. 


A 
(0) R we OH 
Line structures of stearic, oleic, O (H+ be -OH) Q 9 Q 
linoleic, and linolenic acids can —9o — OH + go p t Ae + Ho7~ SRY 
be found in Table 10.2. Ball- R' A = . 
and-stick models of these fatty O R" OH Three fatty acids containing 
acids are shown in Figure 10.6. y glycerol _ 12-20 C's are formed as products. 
6 tis a = 


triacylglycerol 
the most common type of lipid 


Simple triacylglycerols are composed of three identical fatty acid side chains, whereas mixed 
triacylglycerols have two or three different fatty acids. Table 30.2 lists the most common fatty 
acids used to form triacylglycerols. 


Table 30.2 The Most Common Fatty Acids in Triacylglycerols _— | 


' Number of Number of Mp 
C atoms C=C bonds Structure Name (°C) 
Saturated fatty acids 
12 0 CH3(CHe);9 COOH lauric acid 44 
14 0 CH3(CH2);2COOH myristic acid 58 
16 0 CH3(CH2);4COOH palmitic acid 63 
18 0 CH3(CH2);sCOOH stearic acid 69 
20 0 CH3(CH2),;gCOOH arachidic acid 77 

Unsaturated fatty acids 
16 1 CH3(CH2)sCH = CH(CH2)7 COOH palmitoleic acid 1 
18 1 CH3(CH2)7CH = CH(CH2)/ COOH oleic acid 4 
18 2 CH3(CHs)4(CH = CHCH2)2(CH2)gCOOH linoleic acid -5 
18 3 CHCH2(CH = CHCHp2)3(CH2)s COOH linolenic acid -11 
20 4 CH2(CH2) (CH = CHCH3)(CH2)2COOH arachidonic acid -49 


What are the characteristics of these fatty acids? 
The most common saturated 


fatty acids are palmitic and 
stearic acids. The most 
common unsaturated fatty acid 
is oleic acid. 


All fatty acid chains are unbranched, but they may be saturated or unsaturated. 
Naturally occurring fatty acids have an even number of carbon atoms. 

Double bonds in naturally occurring fatty acids generally have the Z configuration. 
The melting point of a fatty acid depends on the degree of unsaturation. 


Linoleic and linolenic acids are 
called essential fatty acids Fats and oils are triacylglycerols; that is, they are triesters of glycerol and these fatty acids. 
because we cannot synthesize 
them and must acquire them in 


aan e Fats have higher melting points, making them solids at room temperature. 
ets. 


e Oils have lower melting points, making them liquids at room temperature. 
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Figure 30.2 A saturated triacylglycerol | | An unsaturated triacylglycerol | 
Three-dimensional 


structures of a saturated à é So on oe E 
and unsaturated a "a &eeE g ’ 
i e J, 2 2 P 
triacylglycerol pd 3 
ae S í sit? gf 
A é ó ə a g a webs be Meee ee 
ey « @ 4 s i + $ 
a yA s . m @ ý 3 M 2 3 3 4 è 
og 2. 28 Oe 
Pye hae ae oe ee ee | oh Reid, 
- fe + = 7 ° n m Á ? 9 9 ? 
Ld ° v = s s 
Toe Se ae E SE a SE = 
F 4 
s 7 ? T $ $ $ q s ? 4 
ad ? v 
v ? s 
+ 
e Three saturated side chains lie parallel to each e One Z double bond in a fatty acid side chain 
other, making a compact lipid. produces a twist so the lipid is no longer so compact. 


This melting point difference correlates with the number of degrees of unsaturation present in the 
fatty acid side chains. As the number of double bonds increases, the melting point decreases, 
as it does for the constituent fatty acids as well. 


Three-dimensional structures of a saturated and unsaturated triacylglycerol are shown in Figure 
30.2. With no double bonds, the three side chains of the saturated lipid lie parallel to each other, 
making it possible for this compound to pack relatively efficiently in a crystalline lattice, thus 
leading to a high melting point. In the unsaturated lipid, however, a single Z double bond places 
a kink in the side chain, making it more difficult to pack efficiently in the solid state, thus leading 
iv a lower meiting point. 


Solid fats have a relatively high percentage of saturated fatty acids and are generally of animal 
origin. Liquid oils have a higher percentage of unsaturated fatty acids and are generally of veg- 
etable origin. Table 30.3 lists the fatty acid composition of some common fats and oils. 


Unlike other vegetable oils, 
oils from palm and coconut 


trees are very high in saturated + 2 2 ; = A J 

hate Cae T TES Table 30.3 Fatty Acid Composition of Some Fats and Oils i 4 | 

currently suggests that diets Source % Saturated fatty acids % Oleic acid % Linoleic acid 

high in saturated fats lead to 

a greater risk of heart disease. beef 4902 Se = 

For this reason, the demand milk 37 33 3 

for coconut and palm oils has coconut 86 7 — 

decreased considerably in com 11-16 19-49 34-62 

recent years, and many coconut ; 

plantations previously farmed in olive 11 84 4 

the South Pacific are no longer palm 43 40 8 

in commercial operation. safflower 9 13 78 
soybean 15 20 52 


Data from Merck Index, 10th ed. Rahway, NJ: Merck and Co.; and Wilson, et al., 1967, Principles of Nutrition, 2nd 
ed. New York: Wiley. 


Fish oils, such as cod liver and herring oils, are very rich in 
polyunsaturated triacylglycerols. These triacylglycerols pack 
so poorly that they have very low melting points; thus, they 
remain liquids even in the cold water inhabited by these fish. 
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The hydrolysis, hydrogenation, and oxidation of triacylglycerols—teactions originally discussed 
in Chapters 12, 15, and 22—are summarized here for your reference. 


[1] Hydrolysis of triacylglycerols (Section 22.12A) 


A 
O R 7 OH 
2 
; or HO~ `R HO~ sR! HO~ ‘RY 
R enzymes A 
Oo R" OH three fatty acids 
y glycerol 


Three ester units are cleaved. 


Hydrolysis of a triacylglycerol with water in the presence of either acid, base, or an enzyme 
yields glycerol and three fatty acids. This cleavage reaction follows the same mechanism as any 
other ester hydrolysis (Section 22.11). This reaction is the first step in triacylglycerol metabolism. 


[2] Hydrogenation of unsaturated fatty acids (Section 12.4) 


o saturated side chain 


i aiiai a d aaa 
Addition of Hz occurs here. 


The double bonds of an unsaturated fatty acid can be hydrogenated by using H; in the presence 
of a transition metal catalyst. Hydrogenation converts a liquid oil to a solid fat. This process, 
sometimes called hardening, is used to prepare margarine from vegetable oils. 


{3] Oxidation of unsaturated fatty acids (Section 15.11) 


0 (0) 


eee ee ee ee eee 


0 0 


O2 
ee a oe ee ee ee ee 
OOH 
a hydroperoxide 
O Oxidation occurs at an allylic carbon. O y | 
further oxidation products 


Allylic C-H bonds are weaker than other C-H bonds and are thus susceptible to oxidation with 
molecular oxygen by a radical process. The hydroperoxide formed by this process is unstable, 
and it undergoes further oxidation to products that often have a disagreeable odor. This oxidation 
process turns an oil rancid. 
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Metabolism 


of a lipid 


The average body fat content of 
men and women is ~20% and 
~25%, respectively. (For elite 
athletes, however, the averages 
are more like <10% for men and 
<15% for women.) This stored 
fat can fill the body’s energy 
needs for two or three months. 


ka 


«POWERED fA, 


The cocoa butter in chocolate 
is rich in triacyiglycerols 
derived from at least one 
molecule of oleic acid. 


In the cell, the principal function of triacylglycerols is energy storage. Complete metabolism 
of a triacylglycerol yields CO, and H,O, and a great deal of energy. This overall reaction is remi- 
niscent of the combustion of alkanes in fossil fuels, a process that also yields CO, and H,O and 
provides energy to heat homes and power automobiles (Section 4.14B). Fundamentally both 
processes convert C-C and C-H bonds to C—O bonds, a highly exothermic reaction. 


| (0) 
Pe Sig il agg agPa gt, 
(©) 
a a 
—> CO, + H,O + energy 
~ POL a OO SA S 
tristearin identical products 
a saturated i ae | | 


| Combustion of | 
| _an alkane alkane 


2,2,4-trimethylpentane 
(isooctane) 
a component of gasoline 


CO, + HO + energy | 


Carbohydrates provide an energy boost, but only for the short term, such as during strenuous 
exercise. Our long-term energy needs are met by triacylglycerols, because they store ~38 kJ/g, 
whereas carbohydrates and proteins store only ~16 kJ/g. 


Because triacylglycerols release heat on combustion, they can in principle be used as fuels for 
vehicles. In fact, coconut oil was used as a fuel during both World War I and World War II, when 
gasoline and diesel supplies ran short. Since coconut oil is more viscous than petroleum products 
and freezes at 24 °C, engines must be modified to use it and it can’t be used in cold climates. 
Nonetheless, a limited number of trucks and boats can now use vegetable oils, sometimes blended 
with diesel, as a fuel source. When the price of crude oil is high, the use of these biofuels becomes 
economically attractive. 


How would you expect the melting point of eicosapentaenoic acid 
[CH3CH2(CH = CHCHsz)5(CH2)2> COOH] to compare with the melting points of the 
fatty acids listed in Table 30.2? 


Draw the products formed when triacylglycerol A is treated with each reagent. Rank compounds A, 
B, and C in order of increasing melting point. 


gE gl agin gagging E gh, a. H20, H* 


o b. He (excess), Pd-C — B 


— a A ae a ELLI c. Hə (1 equiv), Pd-C > C 


Problem 30.4 The main fatty acid component of the triacylglycerols in coconut oil is lauric 
acid, CH3(CH2),;g COOH. Explain why coconut oil is a liquid at room temperature even though it 
contains a large fraction of this saturated fatty acid. 


Problem 30.5 Unlike many fats and oils, the cocoa butter used to make chocolate is 
remarkably uniform in composition. All triacylglycerols contain oleic acid esterified to the 2° OH 
group of glycerol, and either palmitic acid or stearic acid esterified to the 1° OH groups. Draw the 
structures of two possible triacylglycerols that compose cocoa butter. 


30.4 


The phosphorus atom in a 
phosphodiester shares 10 
electrons. Recall that third-row 
elements (such as P and S) can 
be surrounded by more than 
eight electrons. 


30.4A 
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Phospholipids 


Phospholipids are hydrolyzable lipids that contain a phosphorus atom. There are two com- 
mon types of phospholipids: phosphoacylglycerols and sphingomyelins. Both classes are found 
almost exclusively in the cell membranes of plants and animals, as discussed in Section 3.7. 


Phospholipids are organic derivatives of phosphoric acid, formed by replacing two of the H atoms 
by R groups. This type of functional group is called a phosphodiester, or a phosphoric acid 
diester. These compounds are phosphorus analogues of carboxylic esters. In cells, the remaining 
OH group on phosphorus loses its proton, giving the phosphodiester a net negative charge. 


F 9 {I 
H-O-P-O-H R=0= ‘al R-O-= F-O-R' 
OH OH o 
phosphoric acid phosphodiester | This form exists in cells. 
H3PO, i — 
Phosphoacylglycerols 


Phosphoacylglycerols (or phosphoglycerides) are the second most abundant type of lipid. 
They form the principal lipid component of most cell membranes. Their structure resembles the 
triacylglycerols of Section 30.3 with one important difference. In phosphoacylglycerols, only 
two of the hydroxy groups of glycerol are esterified with fatty acids. The third OH group is part 
of a phosphodiester, which is also bonded to another low molecular weight alcohol. 


ans fatty acids acids | 
O 
of 


Oo R 
Il 
aa O—R" <— R" is typically one of two different groups. 


glycerol 
backbone 


| phosphodiester 
phosphoacylglycerol 


There are two prominent types of phosphoacylglycerols. They differ in the identity of the R" 
group in the phosphodiester. 


e When R" = CH,CH,NH,", the phosphoacylglycerol is called a phosphatidylethanolamine 


or cephalin. 
e When R" = CH,CH,N(CHs)3", the phosphoacylglycerol is called a phosphatidylcholine 
or lecithin. 
AL IL 
“stereogenic | et | stereogenic 
center center 
0= f-o ocngine ọỌ— p- f-o ononon, 
ee een oma i 
or or 
cephalin lecithin 


The middle carbon of the glycerol backbone of all of these compounds is a stereogenic center, 
usually with the R configuration. 
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Figure 30,3 


Three-dimensional structure 
of a phosphoacyilglycerol 
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charged atoms 


Problem 30.6 


Problem 30.7 


O Cy4g fatty acid chains 
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polarhead nonpolar tails 


e A phosphoacylglycerol has two distinct regions: two nonpolar tails due to the long-chain fatty 
acids, and a very polar head from the charged phosphodiester. 


The phosphorus side chain of a phosphoacylglycerol makes it different from a triacylglycerol. 
The two fatty acid side chains form two nonpolar “tails” that lie parallel to each other, while the 
phosphodiester end of the molecule is a charged or polar “head.” A three-dimensional structure 
of a phosphoacylglycerol is shown in Figure 30.3. 


As discussed in Section 3.7, when these phospholipids are mixed with water, they assemble in 
an arrangement called a lipid bilayer. The ionic heads of the phospholipid are oriented on the 
vuiside and the nonpolar tails on the inside. The identity of the fatty acids in the phospholipid 
determines the rigidity of this bilayer. When the fatty acids are saturated, they pack well in the 
interior of the lipid bilayer, and the membrane is quite rigid. When there are many unsaturated 
fatty acids, the nonpolar tails cannot pack as well and the bilayer is more fluid. Thus, important 
characteristics of this lipid bilayer are determined by the three-dimensional structure of the mol- 
ecules that comprise it. 


Cell membranes are composed of these lipid bilayers (see Figure 3.7). Proteins and cholesterol 
are embedded in the membranes as well, but the phospholipid bilayer forms the main fabric of 
the insoluble barrier that protects the cell. 


Draw the structure of a lecithin containing oleic acid and palmitic acid as the fatty acid side chains. 


Phosphoacylglycerols should remind you of soaps (Section 3.6). In what ways are these 
compounds similar? 


30.4B 


Problem 30.8 


Figure 30.4 


A comparison of 

a triacylglycerol, a 
phosphoacylglycerol, and a 
sphingomyelin 


30.4 Phospholipids 1203 


Sphingomyelins 


Sphingomyelins, the second major class of phospholipids, are derivatives of the amino alcohol 
sphingosine, in much the same way that triacylglycerols and phosphoacylglycerols are deriva- 
tives of glycerol. Other notable features of a sphingomyelin include: 


e A phosphodiester at C1. 
e An amide formed with a fatty acid at C2. 


| Examples of sphingomyelins | 


E configuration 
yore (CHa) 12CHg (CHa) 12CHy 
ma na aen's | ho o Hō— 0 
C2 NH nu and NH- 
2 R R 
A O ie) 
C1 I + il + 
sphingosine O- oO 


The phosphodiester group is located at the terminal carbon. 


Like phosphoacylglycerols, sphingomyelins are also a component of the lipid bilayer of cell 
membranes. The coating that surrounds and insulates nerve cells, the myelin sheath, is particu- 
larly rich in sphingomyelins, and is vital for proper nerve function. Deterioration of the myelin 
sheath as seen in multiple sclerosis leads to disabling neurological problems. 


Figure 30.4 compares the structural features of the most common hydrolyzable lipids: a triacyl- 
glycerol, a phosphoacylglycerol, and a sphingomyelin. 


Why are phospholipids, but not triacylglycerols, found in cell membranes? 
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(6) 
os 


tl 
O—P—O-CH,CH,NF's 
d- 
O R" =H, CHa 


e A triacylglycerol has three ¢ A phosphoacyiglycerol has two 
nonpolar side chains. nonpolar side chain tails and 
e The three OH groups of one ionic head. 
glycerol are esterified with e Two OH groups of glycerol are 
three fatty acids. esterified with fatty acids. 
¢ A phosphodiester is located on 
a terminal carbon. 
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A sphingomyelin has two 
nonpolar side chain tails and 
one ionic head. 

A sphingomyelin is formed 
from sphingosine, not glycerol. 
One of the nonpolar tails is an 
amide. 

A phosphodiester is located on 
a terminal carbon. 
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vitamin A 


Fat-Soluble Vitamins 


Vitamins are organic compounds required in small quantities for normal metabolism (Sec- 
tion 3.5). Because our cells cannot synthesize these compounds, they must be obtained in the diet. 
Vitamins can be categorized as fat soluble or water soluble. The fat-soluble vitamins are lipids. 


The four fat-soluble vitamins—A, D, E, and K—are found in fruits and vegetables, fish, liver, and 
dairy products. Although fat-soluble vitamins must be obtained from the diet, they do not have to 
be ingested every day. Excess vitamins are stored in fat cells, and then used when needed. Figure 
30.5 shows the structure of these vitamins and summarizes their functions. 


The fat-soluble vitamins e Vitamin A (retinol, Section 3.5) is obtained from fish liver oils and 


dairy products, and is synthesized from B-carotene, the orange 
pigment in carrots. 

e In the body, vitamin A is converted to 11-c/s-retinal, the light- 
sensitive compound responsible for vision in all vertebrates 
(Section 21.11B). It is also needed for healthy mucous membranes. 

e A deficiency of vitamin A causes night blindness, as well as dry 
eyes and skin. 


OH 


vitamin D3 


e Vitamin D; is the most abundant of the D vitamins. Strictly speaking, 
it is not a vitamin because it can be synthesized in the body from 
cholesterol. Nevertheless, it is classified as such, and many foods 
(particularly milk) are fortified with vitamin D so that we get enough 
of this vital nutrient. 

e Vitamin D helps regulate both calcium and phosphorus metabolism. 

e A deficiency of vitamin D causes rickets, a bone disease 
characterized by knock-knees, spinal curvature, and other 
deformities. 


vitamin E 


e The term vitamin E refers to a group of structurally similar 
compounds, the most potent being a-tocopherol (Section 15.12). 

e Vitamin E is an antioxidant, so it protects unsaturated side chains in 
fatty acids from oxidation. 

e A deficiency of vitamin E causes numerous neurologic problems. 


(a-tocopherol) 


Problem 30.9 


e Vitamin K (phylloquinone) regulates the synthesis of prothrombin 
and other proteins needed for blood to clot. 
e A deficiency of vitamin K leads to excessive and sometimes fatal 


vitamin K bleeding because of inadequate blood clotting. 


Electrostatic potential plots of vitamins A and E (Figure 30.6) show that the electron density is 
virtually uniform in these compounds. The large regions of nonpolar C-C and C-H bonds tend 
to obscure small dipoles that occur in the one or two polar bonds, making these vitamins nonpolar 
and hydrophobic. 


Explain why regularly ingesting a large excess of a fat-soluble vitamin can lead to severe health 
problems, whereas ingesting a large excess of a water-soluble vitamin often causes no major 
health problems. 


30.6 Eicosanoids 1205 


Figure 30.6 


Electrostatic potential plots of 
vitamins A and E 


vitamin A vitamin E 


e The electron density is distributed fairly evenly among the carbon atoms of these vitamins due to 
their many nonpolar C-C and C-H bonds. 


30.6 Ejicosanoids 


The eicosanoids are a group of biologically active compounds containing 20 carbon atoms 
derived from arachidonic acid. The prostaglandins (Section 19.6) and the leukotrienes (Sec- 
tion 9,16) are two types of eicosanoids. Two others are the thromboxanes and prostacyclins. 


The word eicosanoid is 
derived from the Greek word 
eikosi, meaning 20. 


HO OH 


PSR CH, 
= > l 
HO OH CHCONHCH,COOH 
NHCOCHsCHzGHCOOH 
PGF, LTC, NH3 
a prostaglandin a leukotriene 
Re Pe a 
o ž 
OH : 
HO OH 
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a thromboxane a prostacyclin 


All eicosanoids are very potent compounds present in low concentration in cells. They are local 
mediators, meaning that they perform their function in the environment in which they are synthe- 
sized. This distinguishes them from hormones, which are first synthesized and then transported 
in the bloodstream to their site of action. Eicosanoids are not stored in cells; rather, they are 
synthesized from arachidonic acid in response to an external stimulus. 


The synthesis of prostaglandins, thromboxanes, and prostacyclins begins with the oxidation of 
arachidonic acid with O, by a cyclooxygenase enzyme, which forms an unstable cyclic interme- 
diate, PGG,. PGG; is then converted via different pathways to these three classes of compounds. 
=- Leukotrienes are formed by a different pathway, using an enzyme called a lipoxygenase. These 
Other details of the four paths for arachidonic acid are summarized in Figure 30.7. 
biosynthesis of leukotrienes 
and prostaglandins were given 
in Sections 9.16 and 19.6, 
respectively. 


Each eicosanoid is associated with specific types of biological activity (Table 30.4). In some cases, 
the effects oppose one another. For example, thromboxanes are vasoconstrictors that trigger blood 
platelet aggregation, whereas prostacyclins are vasodilators that inhibit platelet aggregation. The 
levels of these two eicosanoids must be in the right balance for cells to function properly. 
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Figure 30.7 


The conversion of arachidonic 
acid to prostaglandins, 
thromboxanes, prostacyclins, 
and leukotrienes 
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ÇHCONHCH;COOH 


NHCOCH,CH,CHCOOH 


LTC, 
a leukotriene 


NH2 


| 5-lipoxygenase 


COOH 


— Osh 
arachidonic acid 


Two different pathways 
begin with arachidonic acid. 


— 


“N= coon = a 
A wO 
x (2) 


HO 


He OH OH 
PGFo,, TXAg 
and other a thromboxane 
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Table 30.4 Biological Activity of the Eicosanoids 
Eicosanoid Effect Eicosanoid 
Prostaglandins e Lower blood pressure Thromboxanes 


è Inhibit blood platelet aggregation 
Control inflammation 

e Lower gastric secretions 

Stimulate uterine contractions 
Relax smooth muscles of the uterus 


Prostacyclins 


Leukotrienes 


PGI, 
a prostacyclin 


_ 


e Constrict blood vessels 
e Trigger blood platelet aggregation 


Effect 


e Dilate blood vessels 
e Inhibit blood platelet aggregation 


¢ Constrict smooth muscle, especially in 
the lungs 


Because of their wide range of biological functions, prostaglandins and their analogues have 
found several clinical uses. For example, dinoprostone, the generic name for PGE, is adminis- 
tered to relax the smooth muscles of the uterus when labor is induced, and to terminate pregnan- 


cies in the early stages. 


PGE, 
(dinoprostone) 


A COX-3 enzyme was also 
reported in 2002. Its activity is 
inhibited by acetaminophen, 
the active ingredient in the pain 
reliever Tylenol. 


Problem 30.10 
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Because prostaglandins themselves are unstable in the body, often having half-lives of only min- 
utes, more stable analogues have been developed that retain their important biological activity 
longer. For example, misoprostol, an analogue of PGE), is sold as a mixture of stereoisomers. 
Misoprostol is administered to prevent gastric ulcers in patients who are at high risk of develop- 
ing them. 


misoprostol 
(sold as a mixture of stereoisomers) 


Studying the biosynthesis of eicosanoids has led to other discoveries as well. For example, aspirin 
and other nonsteroidal anti-inflammatory drugs (NSAIDs) inactivate the cyclooxygenase enzyme 
needed for prostaglandin synthesis. In this way, NSAIDs block the synthesis of the prostaglan- 
dins that cause inflammation (Section 19.6). 


More recently, it has been discovered that two different cyclooxygenase enzymes, called COX-1 
and COX-2, are responsible for prostaglandin synthesis. COX-1 is involved with the usual pro- 
duction of prostaglandins, but COX-2 is responsible for the synthesis of additional prostaglandins 
in inflammatory diseases like arthritis. NSAIDs like aspirin and ibuprofen inactivate both the 
COX-1 and COX-2 enzymes. This activity also results in an increase in gastric secretions, mak- 
ing an individual more susceptible to ulcer formation. 


A group of anti-inflammatory drugs that block only the COX-2 enzyme was developed in the 
1990s. These drugs—rofecoxib, valdecoxib, and celecoxib—do not cause an increase in gastric 
secretions, and thus were touted as especially effective NSAIDs for patients with arthritis, who 
need daily doses of these medications. Unfortunately, both rofecoxib and valdecoxib have now 
been removed from the market, since their use has been associated with an increased risk of heart 
attack and stroke. 
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Generic name: rofecoxib Generic name: valdecoxib Generic name: celecoxib 
Trade name: Vioxx Trade name: Bextra Trade name: Celebrex 


The discovery of drugs that block prostaglandin synthesis illustrates how basic research in 
organic chemistry can lead to important practical applications. Elucidating the structure and bio- 
synthesis of prostaglandins began as a project in basic research. It has now resulted in a number 
of applications that benefit many individuals with various illnesses. 


How are the two isomers of misoprostol related? 
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30.7 Terpenes 


Terpenes are lipids composed of repeating five-carbon units called isoprene units. An iso- 
prene unit has five carbons: four in a row, with a one-carbon branch on a middle carbon. 


An isoprene unit | 


1 C branch —> Q 
C C 


4 C’s in a row 


Terpenes are hydrocarbons that may be acyclic or have one or more rings. The term terpenoid is 
used for compounds that contain isoprene units as well as an oxygen heteroatom. Many essential 
oils, a group of compounds isolated from plant sources by distillation, are terpenes and terpe- 
noids, Examples include myrcene and menthol. 


_ Both compounds 


i | have 10 C’s. OH 


myrcene menthol 
(isolated from bayberry oil) (isolated from peppermint oil) 


Locating Isoprene Units 


How do we identify the isoprene units in these molecules? Start at one end of the molecule near 
a branch point. Then look for a four-carbon chain with a one-carbon branch. This forms one 
isoprene unit. Continue along the chain or around the ring until all the carbons are part of an 
isoprene unit. Keep in mind the following: 


e An isoprene unit may be composed of C-C o bonds only, or there may be x bonds at 
any position. 


e isoprene units are always connected by one or more carbon-carbon bonds. 
e Each carbon atom is part of one isoprene unit only. 


s Every isoprene unit has five carbon atoms. Heteroatoms may be present but their 
presence is ignored in locating isoprene units. 


bayberry plant 
(source of myrcene) Myrcene and menthol, for example, each have 10 carbon atoms, so they are composed of two 
isoprene units. 


2 C-C bonds joining 
s the 2 isoprene units 
C-C bond joining 2 units — | 


| OH=<— Ignore the OH group. | 


myrcene menthol 


Terpenes and terpenoids are classified by the number of isoprene units they contain. A mono- 
terpene (or monoterpenoid) contains 10 carbons and has two isoprene units, a sesquiterpene 
(or sesquiterpenoid) contains 15 carbons and has three isoprene units, and so forth. The dif- 
ferent terpene classes are summarized in Table 30.5. 


peppermint plant 
(source of menthol) Several examples, with the isoprene units labeled in red, are given in Figure 30.8. 


Figure 30.8 


Examples of some common 
terpenes and terpenoids 


Problem 30.11 


Problem 30.12 
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Table 30.5 Classes of Terpenes and Terpenoids _ | 


Name Number of C atoms Number of isoprene units 
Monoterpene (Monoterpenoid) 10 2 
Sesquiterpene (Sesquiterpenoid) 15 3 

Diterpene (Diterpenoid) 20 4 
Sesterterpene (Sesterterpenoid) 25 5 
Triterpene (Triterpenoid) 30 6 
Tetraterpene (Tetraterpenoid) 40 8 


pei 
SS S H 


citral 
(lemon grass) OH 
Sy SS SQ OH 
farnesol zingiberene cedrol 
(lily of the valley) (ginger) (cedar) 


squalene a-phellandrene 
(shark oil) (eucalyptus) 


e Isoprene units are labeled in red, with C-C bonds (in black) joining two units. 
e The source of each terpene or terpenoid is given in parentheses. 


Locate the isoprene units in each compound. 


p oea m 
a S SS OH G; grandisol 
( 


geraniol sex pheromone of the 
(roses and geraniums) male boll weevil) 


SRR SDR OH 
b d: camphor 
vitamin A O 


Manoalide, a sesterterpenoid isolated from the Pacific marine sponge Luffariella veriabilis by 
Scheuer and co-workers at the University of Hawai‘i at Manoa, has anti-inflammatory, analgesic, 
and antifungal properties. Find the isoprene units in manoalide. 


manoalide 
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Problem 30.13 Locate the isoprene units in biformene, a component of amber, and classify 
biformene as a monoterpene, sesquiterpene, etc. 
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many other terpenoids called e 
labdanoids. biformene 


30.7B The Biosynthesis of Terpenes and Terpenoids 


Terpene and terpenoid biosynthesis is an excellent example of how syntheses in nature occur 
with high efficiency. There are two ways this is accomplished. 


[1] The same reaction is used over and over again to prepare progressively more complex 
compounds. 

[2] Key intermediates along the way serve as the starting materials for a wide variety of 
other compounds. 


All terpenes and terpenoids are synthesized from dimethylallyl diphosphate and isopentenyl 
diphosphate. Both of these five-carbon compounds are synthesized, in turn, in a multistep pro- 
cess from three molecules of acetyl CoA (Section 22.17). 
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3 CH ~SCoA O-P-0-P-OH and O-P-O-P—OH 


oO Oo oC oO 
acetyl CoA dimethylallyl diphosphate isopentenyl diphosphate 


Diphosphate, abbreviated as OPP, is often used as a leaving group in biological systems. It is a 
good leaving group because it is a weak, resonance-stabilized base. 


re 0 a e 
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3 ‘Nu good leaving group 


diphosphate f 
a good leaving group 


| R-OPP 


The overall strategy of biosynthesis from dimethylallyl diphosphate and isopentenyl diphosphate 
is summarized in Figure 30.9. 


There are three basic parts: 


[1] The two C; diphosphates are converted to geranyl diphosphate, a Ciọ monoterpenoid. 
Gerany] diphosphate is the starting material for all other monoterpenes and monoterpenoids. 

[2] Geranyl diphosphate is converted to farnesyl diphosphate, a C,; sesquiterpenoid, by addi- 
tion of a five-carbon unit. Farnesyl diphosphate is the starting material for all sesquiterpenes, 
diterpenes, and related terpenoids. 

[3] Two molecules of farnesyl diphosphate are converted to squalene, a C39 triterpene. Squa- 
lene is the starting material for all triterpenes and steroids. 
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The biological formation of geranyl diphosphate from the two five-carbon diphosphates involves 
three steps: loss of the leaving group, nucleophilic attack, and loss of a proton, as shown in 
Mechanism 30.1. 


Es Mechanism 30.1 Biological Formation of Geranyl Diphosphate 


Steps [1]-[2] Loss of the leaving group and nucleophilic attack to form a new C-C bond 


ai e p" p 
Aor Th Avs . 4 OPP T x ü OPP 


1° diphosphate 3° carbocation 


AY + -OPP 


e Loss of the diphosphate leaving group forms a resonance-stabilized carbocation in Step [1], which reacts with the 
nucleophilic double bond of the 1° diphosphate to form a new C-C bond and a 3° carbocation in Step [2]. 

e Steps [1] and [2] are analogous to an Sy1 mechanism because the leaving group (OPP) is lost before the nucleophile 
(a C=C) attacks. 


1° allylic 
diphosphate 


Step [3] Loss of a proton 


geranyl diphosphate 


RA ý po. N a + H-B+ 
a 
i 7B 


e Loss of a proton forms geranyl diphosphate in Step [3]. 
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The biological conversion of geranyl diphosphate to farnesyl diphosphate involves the same three 
steps, as shown in Mechanism 30.2. 


ta Mechanism 30.2 Biological Formation of Farnesyl Diphosphate 


Steps [1]-[2] Loss of the leaving group and nucleophilic attack to form a new C-C bond 


new C-C bond | 
Ax serene T Preah Ys Bz a pe ae p puns 
1° allylic diphosphate isopentenyl 3° carbocation 
| diphosphate 
¥ NZ + -opp 


e Loss of the diphosphate leaving group forms a resonance-stabilized carbocation in Step [1], which reacts with 
isopentenyl diphosphate to form a new C-C bond and a 3° carbocation in Step [2]. 


| new v bond 


Step [3] Loss of a proton 


ii ™ ‘en. SP i f ae h alle a 
arnesyl diphosphate 
HN + H-Bt 


e Loss of a proton forms a new z bond and farnesyl diphosphate in Step [3]. 


Two molecules of farnesyl diphosphate react to form squalene, from which all other triter- 
penes and steroids are synthesized. 


| These C’s are joined. | 
Ss S Se"Sopp t | S S S 


farnesyl diphosphate | ' farnesyl diphosphate 


| 


| new C-C bond | 


squalene 


Aqueous hydrolysis of geranyl and farnesyl diphosphates forms the monoterpenoid geraniol and 
the sesquiterpenoid farnesol, respectively. 


pee ee ree Pacis ait 
SS Sopp OH 


geraniol 
RnS H, SS SS — 
` S OPP OH 
farnesol 


All other terpenes and terpenoids are biologically derived from geranyl and farnesyl 
diphosphates by a series of reactions. Cyclic compounds are formed by intramolecular reac- 
tions involving nucleophilic attack of z bonds on intermediate carbocations. To form some 
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cyclic compounds, the E double bond in gerany! diphosphate must first isomerize to an isomeric 
diphosphate with a Z double bond, nery! diphosphate, by the process illustrated in Mechanism 
30.3. Isomerization forms a substrate with a leaving group and nucleophilic double bond in close 
proximity, so that an intramolecular reaction can occur. 


eS Mechanism 30.3 Isomerization of Geranyl Diphosphate to Nery! Diphosphate 


Steps [1]-[2] Isomerization of geranyl diphosphate to linaly! diphosphate 
7OPP 


i configuration y OPP 
[y + 
SAPP k NÝ ~“ 
Ty —, a” a single bond with 
| | | | free rotation 
gerany| diphosphate resonance-stabilized carbocation linaly! diphosphate 


e Loss of the diphosphate leaving group forms a resonance-stabilized carbocation in Step [1], which reacts with the 
diphosphate anion to form linalyl diphosphate, a constitutional isomer. 


e The original E double bond is now a single bond that can rotate freely. 


Steps [3]-[4] Isomerization of linalyl diphosphate to neryl diphosphate 


OPP Z configuration 
S rd 
| = | SS S 
--— > a % —— ee = = j 
3 4 The leaving group and 
| pI | | j 2 1 | ORP nucleophile are now 
close to each other. 


linalyl diphosphate resonance-stabilized carbocation neryl diphosphate 


e Loss of the diphosphate leaving group forms a resonance-stabilized carbocation in Step [3]. The only difference in the 
products of Steps [1] and [3] is the geometry around the internal carbon-carbon double bond. 

e Nucleophilic attack with diphosphate forms neryl diphosphate, a stereoisomer of geranyl diphosphate. The diphosphate 
leaving group of neryl diphosphate is now in closer proximity to the double bond at the other end of the chain, so that 
intramolecular cyclization can occur. 


In the synthesis of o-terpineol or limonene, for example, geranyl diphosphate isomerizes to form 
neryl diphosphate (Step [1] in the following reaction sequence). Neryl diphosphate then cyclizes 
to a 3° carbocation by intramolecular attack (Steps [2]-[3]). Nucleophilic attack of water on this 
carbocation yields the monoterpenoid o-terpineol (Step [4]) or loss of a proton yields the mono- 
terpene limonene (Step [5]). 


| nucleophilic attack | 
[4] 


a H2O 
isomerization ; 
A -j | cyclization | 
SA A 
OPP 7 > 5 ià 3 OH 
l; ty g LN + BL a-terpineol 
OPP | 
si 
gerany! diphosphate neryl diphosphate + 3° carbocation [5] 
“OPP 2 
| loss of H+ 


limonene 
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Problem 30.14 Write a stepwise mechanism for the following reaction. 


SS SS Ss opp 7 SS SS SS SS OPP 


farnesy! diphosphate 
+ 


e Sp 


isopentenyl diphosphate 


Problem 30.15 Draw a stepwise mechanism for the conversion of geranyl diphosphate to a-terpinene. 


`x 3 or — VX 


a-terpinene 


30.8 Steroids 


The steroids are a group of tetracyclic lipids, many of which are biologically active. 


30.8A Steroid Structure 


Steroids are composed of three six-membered rings and one five-membered ring, joined together 
as drawn. Many steroids also contain two methyl groups, called angular methyl groups, at the 
two ring junctions indicated. The steroid rings are lettered A, B, C, and D, and the 17 ring car- 
bons are numbered as shown. The two angular methyl groups are numbered C18 and C19. 


General steroid skeleton | Numbering the steroid skeleton | 
18 
H 


`ŢȚ 
CHa 12 CH3 


Whenever two rings are fused together, the substituents at the ring fusion can be arranged cis or 
trans. To see more easily why this is true, consider decalin, which consists of two six-membered 
rings fused together. trans-Decalin has the two hydrogen atoms at the ring fusion on opposite 
sides, whereas cis-decalin has them on the same side. 


H H 
H H 
decalin trans-decalin cis-decalin 


Two six-membered rings 2 H’s on opposite sides 2 H's on the same side 
share a C-C bond. 


Problem 30.16 


Figure 30.10 


The three-dimensional structure 
of the steroid nucleus 
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Three-dimensional structures of these molecules show how different these two possible arrange- 
ments actually are. The two rings of trans-decalin lie roughly in the same plane, whereas the two 
rings of cis-decalin are almost perpendicular to each other. The trans arrangement is lower in 
energy and therefore more stable. 


2 H's on opposite sides 


H 
| trans-decalin | 
H 


2 H’s on the same side 


p 
cis-decalin H 


@ | The 2 H's at the ring fusion 
are shown in red. 


In steroids, each ring fusion could theoretically have the cis or trans configuration, but, by far the 
most common arrangement is all trans. Because of this, all four rings of the steroid skeleton lie 
in the same plane, and the ring system is fairly rigid. The two angular methyl groups are oriented 
perpendicular to the plane of the molecule. These methyl groups make one side of the steroid 
skeleton significantly more hindered than the other, as shown in Figure 30.10. 


Although steroids have the same fused-ring arrangement of carbon atoms, they differ in the iden- 
tity and location of the substituents attached to that skeleton. 


(a) Draw a skeletal structure of the anabolic steroid 4-androstene-3,17-dione, also called “andro,” 
from the following description. Andro contains the tetracyclic steroid skeleton with carbonyl 
groups at C3 and C17, a double bond between C4 and C5, and methyl groups bonded to C10 
and C13. (b) Add wedges and dashes for all stereogenic centers with the following information: 
the configuration at C10 is R, the configuration at C13 is S, and all substituents at ring fusions are 
trans to each other. 


Atoms at the ring fusions are shown in red. 


All rings are trans fused. 


¢ The four steroid rings occupy 
approximately the same plane. 

e The 2 CH3 groups project above 

the plane of the molecule. 


* All C’s are drawn in. 
e H's and CH3s at the ring fusions are drawn in. 
° All other H’s are omitted. 
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30.8B 


Cholesterol has also been 
discussed in Sections 3.4C and 
4.15. The role of cholesterol 

in plaque formation and 
atherosclerosis was discussed 
in Section 22.17. 


Konrad Bloch and Feodor 
Lynen shared the 1964 Nobel 
Prize in Physiology or Medicine 
for unraveling the complex 
transformation of squalene to 
cholesterol. 


Figure 30.11 
The biosynthesis of cholesterol 
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Cholesterol 


Cholesterol, the chapter-opening molecule, has the tetracyclic carbon skeleton characteristic of 
steroids. It also has eight stereogenic carbons (seven on rings and one on a side chain), so there 
are 2° = 256 possible stereoisomers. In nature, however, only the following stereoisomer exists: 


cholesterol 


Cholesterol is essential to life because it forms an important component of cell membranes and 
is the starting material for the synthesis of all other steroids. Humans do not have to ingest cho- 
lesterol, because it is synthesized in the liver and then transported to other tissues through the 
bloodstream. Because cholesterol has only one polar OH group and many nonpolar C-C and 
C-H bonds, it is insoluble in water (and, thus, in the aqueous medium of the blood). 


Cholesterol is synthesized in the body from squalene, a Co triterpene that is itself prepared 
from smaller terpenes, as discussed in Section 30.7B. Because the biosynthesis of all terpenes 
begins with acetyl CoA, every one of the 27 carbon atoms of cholesterol comes from the same 
two-carbon precursor. The major steps in the conversion of squalene to cholesterol are given in 
Figure 30.11. 


Me ee Ca 


| f| 
enualane EE TERA f | 
z = ee 


=~ sia = à 
X auatene squalene oxide 


(0) 
T, ja cyclization 


CH3 i 
CH [3] 
1,2-shifts 
CH 
= 3 HO protosterol cation 
ja loss of H+ 
H 
H 
[5] 
several steps CHa 


6H : 
S H 


HO 


ID’ 


HO” = 
lanosterol H cholesterol 


Problem 30,17 


Problem 30.18 


Figure 30,12 
Two cholesterol-lowering drugs 


30.8C 
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The conversion of squalene to cholesterol consists of five different parts: 


[1] Epoxidation of squalene with an enzyme, squalene epoxidase, gives squalene oxide, which 
contains a single epoxide on one of the six double bonds. 

[2] Cyclization of squalene oxide yields a carbocation, called the protosterol cation. This reac- 
tion results in the formation of four new C-C bonds and the tetracyclic ring system. 

[3] The protosterol carbocation rearranges by a series of 1,2-shifts of either a hydrogen or 
methyl group to form another 3° carbocation. 

[4] Loss of a proton gives an alkene called lanosterol. Although lanosterol has seven stereo- 
genic centers, a single stereoisomer is formed. 

[5] Lanosterol is then converted to cholesterol by a multistep process that results in removal of 
three methyl groups. 


Several drugs called statins are now available to reduce the level of cholesterol in the blood- 
stream. These compounds act by blocking the biosynthesis of cholesterol at its very early stages. 
Two examples include atorvastatin (Lipitor) and simvastatin (Zocor), whose structures appear in 
Figure 30.12. 


Draw the enantiomer and any two diastereomers of cholesterol. Does the OH group of cholesterol 
occupy an axial or equatorial position? 


Treatment of cholesterol with mCPBA results in formation of a single epoxide A, with the 
stereochemistry drawn. Why isn’t the isomeric epoxide B formed to any extent? 


Generic name: atorvastatin Generic name: simvastatin 
Trade name: Lipitor Trade name: Zocor 


Other Steroids 


Many other important steroids are hormones secreted by the endocrine glands. Two classes are 
the sex hormones and the adrenal cortical steroids. 


There are two types of female sex hormones, estrogens and progestins. The male sex hormones 
are called androgens. The most important members of each hormone type are given in Table 30.6. 
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Table 30.6 The Female and Male Sex Hormones | 


Siruciure Properties 


e Estradiol and estrone are estrogens synthesized in the 
ovaries. They control the development of secondary sex 
characteristics in females and regulate the menstrual cycle. 


estradiol estrone 


e Progesterone is often called the “pregnancy hormone.” It is 
responsible for the preparation of the uterus for implantation of 
a fertilized egg. 


e Testosterone and androsterone are androgens synthesized 
in the testes. They control the development of secondary sex 
characteristics in males. 


testosterone androsterone 


Synthetic analogues of these steroids have found important uses, such as in oral contraceptives, 
first mentioned in Section 11.4. 


| Synthetic oral | 
contraceptives 
HO 


Synthetic androgen analogues, called anabolic steroids, promote muscle growth. They were first 
developed to help individuals whose muscles had atrophied from lack of use following surgery. 
They have since come to be used by athletes and body builders, although their use is not permitted 
in competitive sports. Many physical and psychological problems result from their prolonged use. 


ethynylestradiol norethindrone 


Anabolic steroids, such as stanozolol, nandrolone, and tetrahydrogestrinone have the same effect 
on the body as testosterone, but they are more stable, so they are not metabolized as quickly. 
Tetrahydrogestrinone (also called THG or The Clear), the performance-enhancing drug used by 
track star Marion Jones during the 2000 Sydney Olympics, was considered a “designer steroid” 
because it was initially undetected in urine tests for doping. After its chemical structure and 
properties were determined, it was added to the list of banned anabolic steroids in 2004. 


Some body builders use 
anabolic steroids to increase 


muscle mass. Long-term or 
excessive use can cause many 
health problems, including high _ Anabolic steroids | 
blood pressure, liver damage, i 
and cardiovascular disease. 


stanozolol nandrolone tetrahydrogestrinone 


Key Concepts 1219 


A second group of steroid hormones includes the adrenal cortical steroids. Three examples of 
these hormones are cortisone, cortisol, and aldosterone. All of these compounds are synthe- 
sized in the outer layer of the adrenal gland. Cortisone and cortisol serve as anti-inflammatory 
agents and they also regulate carbohydrate metabolism. Aldosterone regulates blood pressure 
and volume by controlling the concentration of Na* and K* in body fluids. 


Three adrenal 
cortical sterolds o 


(@} 
cortisone cortisol aldosterone 


KEY CONCEPTS O 
Lipids 

Hydrolyzable Lipids 

[1] Waxes (30.2)— Esters formed from a long-chain alcohol and a long-chain carboxylic acid. 


(0) 
Il 


C R, R' = long chains of C’s 
R ~OR' 


[2] Triacylglycerols (30.3)—Triesters of glycerol with three fatty acids. 
(6) 
ott 
O 
ok R, R', R" = alkyl groups with 11-19 C’s 
R' 
- a 
O 


[3] Phospholipids (30.4) 


a. Phosphatidylethanolamine (cephalin) b. Phosphatidylcholine (lecithin) c. Sphingomyelin 
A A 
(CH2)12CH3 
O R Oo R HO `A o 
O Q nn 
aX , ( , R 
? 9 ‘ ll + 
+ 
O-P-O-CH,CHaNHg O-P-O-CH,CH,N(CHs)s O-P-O-CH,CHNA's 
(o o` o 
R, R' = long carbon chain R, R' = long carbon chain R = long carbon chain 


R' = H or CH3 
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Nonhydrolyzable Lipids 
[1] Fat-soluble vitamins (30.5)—Vitamins A, D, E, and K. 


[2] Eicosanoids (30.6)—Compounds containing 20 C’s derived from arachidonic acid. There are four types: prostaglandins, 
thromboxanes, prostacyclins, and leukotrienes. 


[3] Terpenes (30.7)—Lipids composed of repeating 5 C units called isoprene units. 


Isoprene unit Types of terpenes 
Q [1] monoterpene 10 C’s [4] sesterterpene 25 C’s 
EQ, [2] sesquiterpene 15 C's [5] triterpene 30 C’s 
C c [3] diterpene 20C’s [6] tetraterpene 40 C’s 


[4] Steroids (30.8)—Tetracyclic lipids composed of three six-membered and one five-membered ring. 
18 


PROBLEMS k 
Problems Using Three-Dimensional Models 
30.19 Locate the isoprene units in each compound. 


&-pinene humulene 


30.20 Convert each ball-and-stick model to a skeletal structure that clearly shows the stereochemistry at the ring fusion of these 
decalin derivatives. 


ag H A 
i EF es a Y 
a we i a~ =) ~ b E 8 @ 
v n a 2 + ~ o 
i w i s i w 
ae t o8e~ 
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30.21 Convert the ball-and-stick model of androsterone to (a) a skeletal structure using wedges and dashes around all stereogenic 
centers; and (b) a three-dimensional representation using chair cyclohexane rings. 


agog 0 

y » alge „ò 
9.6 9.00%) oe 
{v e. r - 

e7 55 56 ð v a 

D = v 

e) 

androsterone 


Waxes, Triacylglycerols, and Phospholipids 
30.22 One component of lanolin, the wax that coats sheep’s wool, is derived from cholesterol and stearic acid. Draw its structure, 
including the correct stereochemistry at all stereogenic centers. 


30.23 Draw all possible constitutional isomers of a triacylglycerol formed from one mole each of palmitic, oleic, and linoleic acids. 
Locate the tetrahedral stereogenic centers in each constitutional isomer. 
30.24 What is the structure of an optically inactive triacylglycerol that yields two moles of oleic acid and one mole of palmitic acid 
when hydrolyzed in aqueous acid? 
30.25 Triacylglycerol L yields compound M when treated with excess H2, Pd-C. Ozonolysis of L ([1] O3; [2] (CH3)2S) affords 
compounds N-P, What is the structure of L? 
(0) ie) 


OPER AAR GOS ER APA AAA 
oO O 
D AAAA NAA OANA ACHO  CHa(CH3)4CHO = 0 
i isiilienitinaliiendiinas OS ee SREE 


ie) M O N 


30.26 Draw the structure of the following phospholipids: 
a. acephalin formed from two molecules of stearic acid 
b. a sphingomyelin formed from palmitic acid 


Prostaglandins 
30.27 A difficult problem in the synthesis of PGF, is the introduction of the OH group at C15 in the desired configuration. 
a. Label this stereogenic center as F or S. 
b. A well known synthesis of PGF2, involves reaction of A with Zn(BH,)2, a metal hydride reagent similar in reactivity to NaBH4, 
to form two isomeric products, B and C. Draw their structures and indicate their stereochemical relationship. 


c. Suggest a reagent to convert A to the single stereoisomer X, 


PGF an [1] Zn(BHa)o 
| [2] H2O 


Band C 
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Terpenes and Terpenoids 
30.28 Locate the isoprene units in each compound. 


OH 
a. AWA e. 


patchouli alcohol COOH 
dextropimaric acid 


0 
O Q, 
HO > 
carvone periplanone B B-amyrin 


B-carotene 


_— 
g. 


30.29 Classify each terpene and terpenoid in Problem 30.28 (e.g., as a monoterpene, sesquiterpene, etc.). 


30.30 An isoprene unit can be thought of as having a head and a tail. The “head” of the isoprene unit is located at the end of the chain 
nearest the branch point, and the “tail” is located at the end of the carbon chain farthest from the branch point. Most isoprene 
units are connected together in a “head-to-tail” fashion, as illustrated. For both lycopene (Problem 30.28), and squalene (Figure 
30.9), decide which isoprene units are connected in a head-to-tail fashion and which are not. 


head tail 


These two isoprene units are 
connected in a head-to-tail fashion. 


30.31 Draw a stepwise mechanism for the conversion of neryl diphosphate to a-pinene. «-Pinene is a component of pine oil and 


rosemary oil. 
i 
OPP = 


a-pinene 
neryl diphosphate 
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30.32 Flexibilene is a terpene isolated from Sinularia flexibilis, a soft coral found in the Indian Ocean. Draw a stepwise mechanism for 
the formation of flexibilene from farnesyl diphosphate and isopentenyl diphosphate. What is unusual about the cyclization that 
forms the 15-membered ring of flexibilene? 


flexibilene 


30.33 The biosynthesis of lanosterol from squalene has intrigued chemists since its discovery. It is now possible, for example, to 


synthesize polycyclic compounds from acyclic or monocyclic precursors by reactions that form several C-C bonds in a single 
reaction mixture. 


a. Draw a stepwise mechanism for the following reaction. 
b. Show how X can be converted to 16,17-dehydroprogesterone. (Hint: See Figure 24.5 for a related conversion.) 


ube me coma 
OH 
x Oo 


16,17-dehydroprogesterone 


(8) 


Steroids 


30.34 Draw three-dimensional structures for each alcohol. Label the OH groups as occupying axial or equatorial positions. 


H H H H 
HO, HO,,, 

HO : : : 

H 


30.35 Axial alcohols are oxidized faster than equatorial alcohols by PCC and other Cr® oxidants. Which OH group in each compound 
is oxidized faster? 


W) 
Baw 


HO” 


d 
H 


Lise 
=m 


H H 

OH 
a Cry m pTI i 
HO z HO “OH 
H 


30.36 (a) Draw a skeletal structure of the anabolic steroid methenolone from the following description. Methenolone contains the 
tetracyclic steroid skeleton with a carbonyl group at C3, a hydroxyl at C17, a double bond between C1 and C2, and methyl 
groups bonded to C1, C10, and C13. (b) Add wedges and dashes for all stereogenic centers with the following information: the 
configuration at C10 is R, the configuration at C13 is S, the configuration at C17 is S, and all substituents at ring fusions are 
trans to each other. (c) Draw the structure of Primobolan, the product formed when methenolone is treated with CH3(CH;)s;COCI 
and pyridine. Primobolan is an anabolic steroid that can be taken orally or by injection and has been used illegally by well- 
known Major League Baseball players. 


ve 


I 


30.37 a. Draw a three-dimensional structure for the following steroid. 
b. What is the structure of the single stereoisomer formed by reduction of this ketone with Hz, Pd-C? Explain why only one 
stereoisomer is formed. 
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30.38 Draw the products formed when cholesterol is treated with each reagent. Indicate the stereochemistry around any stereogenic 
centers in the product. 
a. CH,COCI c. PCC e. [1] BH3*THF; [2] H203, OH 
b. Hp, Pd-C d. oleic acid, H* 


Challenge Problems 


30.39 Draw a stepwise mechanism for the following conversion, which forms camphene. Camphene is a component of camphor and 


citronella oils. 
S 
Eeri 2 
OPP 


camphene 


30.40 Draw a stepwise mechanism for the following reaction. 


(6) 
ZA 
Sa. SS “al 
H,O* 
OH SS 


30.41 Farnesyl diphosphate is cyclized to sesquiterpene A, which is then converted to the bicyclic product epi-aristolochene. 
Write a stepwise mechanism for both reactions. 


we 9 SS 


farnesyl diphosphate A epi-aristolochene 


Synthetic Polymers 
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Polyethylene terephthalate (PET) is a synthetic polymer formed by the reaction of ethylene 
glycol (HOCH2CH2OH) and terephthalic acid. Because PET is lightweight and impervious to air 
and moisture, it is commonly used for transparent soft drink containers. PET is also used to 
produce synthetic fibers, sold under the trade name of Dacron. Of the six most common syn- 
thetic polymers, PET is the most easily recycled, in part because beverage bottles that bear the 
recycling code “1” are composed almost entirely of PET. Recycled polyethylene terephthalate 
is used for fleece clothing and carpeting. In Chapter 31, we learn about the preparation and 
properties of synthetic polymers like polyethylene terephthalate. 


31.2 


31.3 


31.4 


31.5 


31.6 


31.7 


31.8 


31.9 


Introduction 
Chain-growth 
polymers— 


Addition polymers 
Anionic polymerization 


of epoxides 
Ziegler-Natta 


catalysts and polymer 


stereochemistry 


Natural and synthetic 


rubbers 
Step-growth 
polymers— 
Condensation 
polymers 
Polymer structure 
and properties 
Green polymer 
synthesis 
Polymer recycling 
and disposal 
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31.1 


A polymer is a large organic 
molecule composed of 
repeating units—called 
monomers-—that are 
covalently bonded together. 
The word polymer is derived 
from the Greek words poly + 
meros meaning “many parts.” 


Polymerization is the joining 
together of monomers to make 
polymers. 


Chapter 31 discusses polymers, large organic molecules composed of repeating units— 
called monomers—that are covalently bonded together. Polymers occur naturally, as in the polysac- 
charides and proteins of Chapters 28 and 29, respectively, or they are synthesized in the laboratory. 


This chapter concentrates on synthetic polymers, and expands on the material already presented 
in Chapters 15 and 22. Thousands of synthetic polymers have now been prepared. While some 
exhibit properties that mimic naturally occurring compounds, many others have unique proper- 
ties. Although all polymers are large molecules, the size and branching of the polymer chain 
and the identity of the functional groups all contribute to determining an individual polymer’s 
properties, thus making it suited for a particular product. 


Introduction 


Synthetic polymers are perhaps more vital to the fabric of modern society than any other group of 
compounds prepared in the laboratory. Nylon backpacks and polyester clothing, car bumpers and 
CD cases, milk jugs and grocery bags, artificial heart valves and condoms—all these products and 
innumerable others are made of synthetic polymers. Since 1976, the U.S. production of synthetic 
polymers has exceeded its steel production. Figure 31.1 illustrates several consumer products and 
the polymers from which they are made. 


Synthetic polymers can be classified as chain-growth or step-growth polymers. 


e Chain-growth polymers, also called addition polymers, are prepared by chain reactions. 


Aro initiator ; 3 
Cl cl cd Cl 
vinyl chloride poly(vinyl chloride) 


| monomer polymer 


These compounds are formed by adding monomers to the growing end of a polymer chain. The 
conversion of vinyl chloride to poly(vinyl chloride) is an example of chain-growth polymeriza- 
tion. These reactions were introduced in Section 15.14. 


Figure 31,1 Polymers in some common consumer products 


OOTA Ao 


rubber 
(tires) 


Lexan 
(polycarbonate helmet and goggles) 


nylon 6,6 
(backpack) 


polyethylene 
(water bottle) 


e We are surrounded by synthetic polymers in our daily lives. This cyclist rides on synthetic rubber tires, drinks from a polyethylene 
water bottle, wears a protective Lexan helmet and goggles, and uses a lightweight nylon backpack. 


‘ AWA 


ie) 
| monomers | 


Problem 31.1 


Figure 31.2 
Drawing a polymer in a 
shorthand representation 
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e Step-growth polymers, also called condensation polymers, are formed when monomers 
containing two functional groups come together and lose a small molecule such as 
H20 or HCI. 


(@) H (0) 
N N ; 
H (0) ie) 
nylon 6,6 + HCl 
polymer 


In this method, any two reactive molecules can combine, so the monomer is not necessarily added 
to the end of a growing chain. Step-growth polymerization is used to prepare polyamides and 
polyesters, as discussed in Section 22.16. 


In contrast to many of the organic molecules encountered in Chapters 1-27, which have molecu- 
lar weights much less than 1000 grams per mole (g/mol), polymers generally have high molecular 
weights, ranging from 10,000 to 1,000,000 grams per mole (g/mol). Synthetic polymers are really 
mixtures of individual polymer chains of varying lengths, so the reported molecular weight is an 
average value based on the average size of the polymer chain. 


By convention, we often simplify the structure of a polymer by placing brackets around the 
repeating unit that forms the chain, as shown in Figure 31.2. 


Give the shorthand structures of poly(vinyl chloride) and nylon 6,6 in Section 31.1. 


repeating unit repeating unit 
HO [0] 


12) ¥ OH 


terephthalic acid Q O 
oO — Ş — —> 
(8) O 


n HOT OH n 
styrene polystyrene ethylene glycol polyethylene terephthalate 
(PET) 
31.2 Chain-Growth Polymers—Addition Polymers 


Chain-growth polymerization is a chain reaction that converts an organic starting material, 
usually an alkene, to a polymer via a reactive intermediate—a radical, cation, or anion. 


ee initiator 
| Chain-growth polymerization | ey, Meo moo 


& Z rA Z 


e The alkene can be ethylene (CH2=CH,) or a derivative of ethylene (CH.=CHZ or 

CH2= CZ»). 

The substituent Z (in part) determines whether radicals, cations, or anions are formed as 

intermediates. 

e An initiator—a radical, cation, or anion —is needed to begin polymerization. 

e Since chain-growth polymerization is a chain reaction, the mechanism involves 
initiation, propagation, and termination (Section 15.4). 
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Problem 21.9 


31.2A 


In most chain-growth polymerizations, an initiator adds to the carbon-carbon double bond of one 
monomer to form a reactive intermediate, which then reacts with another molecule of monomer 
to build the chain. Polymerization of CH, =CHZ results in a carbon chain having the Z substitu- 
ents on every other carbon atom. 


What polymer is formed by chain-growth polymerization of each monomer? 
a. s4 b. OCH GN do X 
SI / 4 ) 3 OCH, COCH 


Radical Polymerization 


Radical polymerization of alkenes was first discussed in Section 15.14, and is included here to 
emphasize its relationship to other methods of chain-growth polymerization. The initiator is 
often a peroxy radical (RO-), formed by cleavage of the weak O-O bond in an organic peroxide, 
ROOR. Mechanism 31.1 is written with styrene (CH,=CHPh) as the starting material. 


{ò Mechanism 31.1 Radical Polymerization of CH,=CHPh 


Part [1] Initiation: Formation of a carbon radical in two steps 


E 1 
ROSOR lil, 2 RO! 


sf yr 28 2) Rö ; e Homolysis of the weak O-O bond of the peroxide 


forms RO., which then adds to a molecule of 
monomer to form a carbon radical. 


Part [2] Propagation: Growth of the polymer chain by C—C bond formation 


¢ In Step [3], the carbon radical formed during 


RÖ N 3S | initiation adds to another alkene molecule to form 
Ne ta) a. pew meee anew C-C bond and another carbon radical. 
+ |i Seer | | Addition gives the more substituted carbon 
lA o - radical—that is, the unpaired electron is always 


Repeat Step [3] over and over. 


located on the carbon atom having the phenyl 
substituent. 

e Step [3] occurs repeatedly, thus growing the 
polymer chain. 


Part [3] Termination: Removal of radicals by formation of a o bond 


agate 
i i T 


3 a: e To terminate the chain, two radicals can 
combine to form a stable bond, thus ending the 


[4] © © polymerization process. 


Radical polymerization of CH} =CHZ is favored by Z substituents that stabilize a radical by electron 
delocalization. Each addition step occurs to put the intermediate radical on the carbon bearing the Z 
substituent. With styrene as the starting material, the intermediate radical is benzylic and highly reso- 
nance stabilized. Figure 31.3 shows several monomers used in radical polymerization reactions. 


Z -Z -D -B 5 


five resonance structures for the benzylic radical 


Figure 31.3 


Monomers used in radical 
polymerization reactions 


Problem 31.3 


Problem 31.4 
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(0) 
CH=CH ZESOI “DO ahs 
ethylene vinyl chloride styrene vinyl acetate 


What polymer is formed by the radical polymerization of each monomer? 
a. CH2=C(CH3)CO2CH3 b. CH= = C(CHa)CN 


Draw the mechanism for the radical polymerization of vinyl acetate (CH = CHOCOCHs) using 
(CH3)3CO - OC(CHsg)g3 as the initiator. 


Chain termination can occur by radical coupling, as shown in Mechanism 31.1. Chain termination 
can also occur by disproportionation, a process in which a hydrogen atom is transferred from 
one polymer radical to another, forming a new C-H bond on one polymer chain, and a double 
bond on the other. 


new cer H bond 


> mee 
f e rasa > K 3 
{Paras rasa method of chain termination A 
X new r bond | 


31.2B 


HDPE is used in milk 
containers and water jugs, 
whereas LDPE is used in 
plastic bags and insulation. 


Chain Branching 


The choice of reaction parameters greatly affects the properties of a synthetic polymer. In Section 
15.14, we learned that there are two common types of polyethylene—high-density polyethylene 
(HDPE) and low-density polyethylene (LDPE). High-density polyethylene, which consists of 
long chains of CH, groups joined together in a linear fashion, is strong and hard because the linear 
chains pack well, resulting in strong van der Waals interactions. Low-density polyethylene, on 
the other hand, consists of long carbon chains with many branches along the chain. Branching 
prohibits the chains from packing well, so LDPE has weaker intermolecular interactions, making 
it a much softer, pliable material. 


| Linear polyethylene j 


Linear polyethylene molecules pack well. Branched polyethylene molecules do not pack well. 
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Branching occurs when a radical on one growing polyethylene chain abstracts a hydrogen atom 
from a CH, group in another polymer chain, as shown in Mechanism 31.2. The new 2° radical 
then continues chain propagation by adding to another molecule of ethylene, thus forming a 
branch point. 


E Mechanism 31.2 Forming Branched Polyethylene During Radical Polymerization 


Step [1] Abstraction of a hydrogen atom 


aT: 
Ne, +} ; a E a a 


growing polyethylene polyethylene 2° radical 
polymer chain polymer polymer 


e Abstraction of a hydrogen atom from an existing polymer chain forms a 2° radical in the middle of the polymer chain. 


Step [2] Growth of the polymer chain forming a branch point 


—_. R t Step [2] 
PO pe. 2 P Oe ey 


t over and over. 


2° radical U 1- - 
| branch point | 


e Addition of the radical to another molecule of ethylene forms a new radical and a branch point along the polymer 
chain. Step [2] occurs repeatedly, and a long branch grows off the original polymer chain. 


Problem 31.5 Explain why radical polymerization of styrene forms branched chains with 4° carbons as in A, but 
none with 3° carbons as in B. 


Ph 


31.2C 


31.2 Chain-Growth Polymers—Addition Polymers 1231 


lonic Polymerization 


Chain-growth polymerization can also occur by way of cationic or anionic intermediates. Cat- 
ionic polymerization is an example of electrophilic addition to an alkene involving carboca- 
tions. Cationic polymerization occurs with alkene monomers that have substituents capable of 
stabilizing intermediate carbocations, such as alkyl groups or other electron-donor groups. The 
initiator is an electrophile such as a proton source or Lewis acid. 


Mechanism 31.3 illustrates cationic polymerization of the general monomer CH,=CHZ using 
BF;-H,O, the Lewis acid-base complex formed from BF, and H,O, as the initiator. 


ta Mechanism 31.3 Cationic Polymerization of CH.=CHZ 


Part [1] Initiation: Formation of a carbocation 


F e Electrophilic addition of H* from BF3:H20 
ya m ic. A B ; n p Ha 
F,B 0: —— > F-B-OF + Ye m CH= + F¿B—-ÖH forms a carbocation. 
\ \ Z 
H H Z 
Lewis acid-base carbocation 
complex Z = electron-donor group 


Part [2] Propagation: Growth of the polymer chain by C—C bond formation 


CH= $ =y —> 
es Z 


CH3 e In Step [3], the carbocation adds to 
i Repeat Step [3] 
P P another alkene molecule to form a new 
Z Z over and over. C-C bond. Addition always forms a 
Ne carbocation stabilized by an electron- 
new C—C bond 


donating Z substituent. 


e Step [3] occurs repeatedly, thus growing 
the polymer chain. 


Part [3] Termination: Loss of a proton 


e Loss of a proton forms a new x bond to 


H“ 
E [4] z terminate the chain. 
AA Fs8-OH —— Di + FaB-ỌH 


Z Z 
(E or Z double bond) 


Since cationic polymerization involves carbocations, addition follows Markovnikov’s rule to 
form the more stable, more substituted carbocation. Chain termination can occur by a variety of 
pathways, such as loss of a proton to form an alkene. Examples of alkene monomers that undergo 
cationic polymerization are shown in Figure 31.4. 
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Figure 31.4 Monomer — Polymer Consumer product 


Common polymers formed 
by ionic chain-growth 
polymerization 


e Polymers formed by cationic polymerization 


~ — 


2-methylpropene 2 
(common name: isobutylene) polyisobutylene 
(8) 
it O 
Pro Da 
vinyl acetate O in 


poly(vinyl acetate) 


paints containing 
poly(vinyl acetate) 


e Polymers formed by anionic polymerization 


CN 
n 


acrylonitrile 
polyacrylonitrile 
NIN 
Orlon fibers 
CN 
ra —> NC 6 
CO,Et EtO A 
ethyl a-cyanoacrylate poly(ethyl a-cyano- 


acrylate) 


Super glue 


e Achain-growth polymer is named by adding the prefix poly to the name of the monomer from 
which it is made. When the name of the monomer contains two words, this name is enclosed in 
parentheses and preceded by the prefix poly. 


Problem 31.6 Explain why cationic polymerization is an effective method of polymerizing CH2 = C(CHs)2 but not 
CH: = CH2. 


Although alkenes readily react with electron-deficient radicals and electrophiles, alkenes do not 
generally react with anions and other nucleophiles. Consequently, anionic polymerization takes 
place only with alkene monomers that contain electron-withdrawing groups such as COR, 
COOR, or CN, which can stabilize an intermediate negative charge. The initiator is a strong 
nucleophile, such as an organolithium reagent, RLi. Mechanism 31.4 illustrates anionic poly- 
merization of the general monomer CH, =CHZ. 
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e Mechanism 31.4 Anionic Polymerization of CH= CHZ 


Part [1] Initiation: Formation of a carbanion 
n] 
~ i. A ais 


Z 


7 e Nucleophilic addition of RLi forms a carbanion stabilized 
Ro Li* by an electron-withdrawing group Z. 
Z 


carbanion 
Z = electron-withdrawing group 


Part [2] Propagation: Growth of the polymer chain by C—C bond formation 


AAA [2] š Repeat Step [2] e In Step [2], the carbanion adds to another alkene 
oP =N > R usr andova, Molecule to form a new C—C bond. Addition always 
Z = ey: f forms a carbanion adjacent to the Z substituent. 
new C—C bond | e Step [2] occurs repeatedly, thus growing the polymer 
_ chain. 


Part [3] Termination: Addition of a proton source to stop the chain 


; sA Q [3] ; H % e Addition of H2O (or another electrophile) terminates the 
ie i MOH == Jaa + ‘Q-H chain by a Brønsted-Lowry acid-base reaction. 
Z Z Z zZ 


In contrast to other types of chain-growth polymerization, there are no efficient methods of 
terminating the chain mechanism in anionic polymerization. The reaction continues until all 
the initiator and monomer have been consumed, so that the end of each polymer chain contains 
a carbanion (Step [2] in Mechanism 31.4). Anionic polymerization is often called living poly- 
merization because polymerization will begin again if more monomer is added at this stage. To 
terminate anionic polymerization an electrophile such as H,O or CO, must be added. Examples 
of alkene monomers that undergo anionic polymerization are shown in Figure 31.4. 

Problem 31.7 Which method of ionic polymerization—cationic or anionic—is preferred for each monomer? 
Explain your choices. 
a. CH2=C(CH3)COOCH3; b. CH2=CHCH3; c. CH2=CHOC(CHs:)3 d. CH2=CHCOCHs 


Problem 31.8 Draw a stepwise mechanism for the conversion of acrylonitrile (CH= CHC = N) to polyacrylonitrile, 
—[CHsCHC= NJ, —, using butyllithium (BuLi) as the initiator and CO, as the electrophile to 
terminate the chain. 


Problem 31.9 Explain why styrene (CH= CHPh) can be polymerized to polystyrene by all three methods of 
chain-growth polymerization. 


31.2D Copolymers 


All polymers discussed thus far are homopolymers, because they have been prepared by the 
polymerization of a single monomer. Copolymers, on the other hand, are polymers prepared 
by joining two or more monomers (X and Y) together. 


IDAD 99999999993 3999 Sa 9098999099 DID 


alternating copolymer random copolymer 


X=@ Y=@ 


e An alternating copolymer is formed when X and Y alternate regularly along the chain. 
¢ A random copolymer is formed when X and Y are randomly distributed along the chain. 


The structure of the copolymer depends on the relative amount and reactivity of X and Y, as well 
as the conditions used for polymerization. 


1234 
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Problem 31.10 


Problem 31.71 


31.3 


Hor + 


Several copolymers are commercially important and used in a wide range of consumer products. 
For example, the copolymer of vinyl chloride and vinylidene chloride forms Saran, the film 
used in the well-known plastic food wrap. Copolymerization of 1,3-butadiene and styrene forms 
styrene—butadiene rubber (SBR), the polymer used almost exclusively in automobile tires. 


Two widely used copolymers 
Cl | 


mie F CI a S 
vinyl chloride vinylidene chloride cl cra 


1,3-butadi A E 
utadiene LJ 
styrene 
n 


styrene—butadiene rubber 
(SBR) 


Draw the alternating copolymer formed from each set of monomers. 
a. CH2=CHPh and CH= CHCN b. FC = CFCF; and CH2= CF3 


Draw the mechanism for the radical copolymerization of CH = CHCH = CH; and CH2= CHPh to 
form styrene-butadiene rubber, — [CHCH = CHCH,CH2CHPH], — . 


Anionic Polymerization of Epoxides 


Alkene monomers are the most common starting materials in chain-growth polymerizations, but 
epoxides can also serve as starting materials, forming polyethers. The strained three-membered 
ring of an epoxide is readily opened with a nucleophile (such as OH or OR) to form an alkoxide, 
which can then ring open another epoxide monomer to build the polymer chain. Unlike the other 
methods of chain-growth polymerization that join monomers together with C-C bonds, this 
process forms new C—O bonds in the polymer backbone. 


For example, the ring opening of ethylene oxide with a OH initiator affords an alkoxide nucleo- 
phile, which propagates the chain by reacting with more ethylene oxide. This process yields 
poly(ethylene glycol), PEG, a polymer used in lotions and creams. The many C—O bonds in 
these polymers make them highly water soluble, 


| new C—O bond | 
(1) ae 


C6: z; ör 
a = ny ooe + Qe: 


ethylene alkoxide 
oxide 


| [2] 


z Repeat Step [2] N jnn 
ee are es ie Na oe ¥ 
HQ Q: over and over. HO Q n 


E poly(ethylene glycol) 
new C—O bond PEG 
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The ring opening of epoxides 
with nucleophiles was first 


discussed in Section 9.15. 
i | less substituted C CH 
3 


Under anionic conditions, the ring opening follows an Sy2 mechanism. Thus, the ring opening of 
an unsymmetrical epoxide occurs at the more accessible, less substituted carbon. 


| 
os 6: s O =N 
Pag M AO w+ “So: 
| CH, 
CH, 


A] 2 
| less substituted C | | l 
CHa CH, 


‘ G1... Repeat Step 2}. ö i ÖH 
R $ Ö; Hom re) m 
ss = over and over. T? “t 
CH3 CH; n CH3 


Problem 31.12 What polymer is formed by anionic polymerization of each monomer? 


31.4 Ziegler-Natta Catalysts and Polymer Stereochemistry 


Polymers prepared from monosubstituted alkene monomers (CH,;=CHZ) can exist in three dif- 
ferent configurations, called isotactic, syndiotactic, and atactic: 


P a's a p oy! 


d 


du Zu Zu Zu Zu Zi 
TERNS) 


isotactic polymer 


1i 
We 
2 a 

2 
e. 
Ca 

rd 
4 


z 5 7 ja z z [a 
ZH HZ ZA Hz ZH HZ ð s @ 
syndiotactic polymer 


Ta we we S S A} 
fi Áz 5 42 fi fi ha % % yy 


atactic polymer 


e An isotactic polymer has all Z groups on the same side of the carbon backbone. 

e A syndiotactic polymer has the Z groups alternating from one side of the carbon chain 
to the other. 

e An atactic polymer has the Z groups oriented randomly along the polymer chain. 


The more regular arrangement of the Z substituents in isotactic and syndiotactic polymers allows 
them to pack together better, making the polymer stronger and more rigid. In contrast, the chains 
of an atactic polymer tend to pack less closely together, resulting in a lower melting, softer poly- 
mer. Radical polymerization often affords an atactic polymer, but the particular reaction condi- 
tions can greatly affect the stereochemistry of the polymer formed. 
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Ziegler and Natta received the 
1963 Nobel Prize in Chemistry 
for their pioneering work on 
polymerization catalysts. 


tò Mechanism 31.5 Ziegler-Natta Polymerization of CH2= CH3 


Step [1] Formation of the catalyst 


(CHsCH,),AICI + TiCl4 


In 1953, Karl Ziegler and Giulio Natta developed a new method of polymerizing alkene monomers 
using a metal catalyst to promote chain-growth polymerization. These catalysts, now called Ziegler— 
Natta catalysts, offer two advantages over other methods of chain-growth polymerization. 


e The stereochemistry of the polymer is easily controlled. Polymerization affords isotactic, 
syndiotactic, or atactic polymers depending on the catalyst. 

e Long, linear chains of polymer are prepared without significant branching. Radicals are 
not formed as reactive intermediates, so intermolecular hydrogen abstraction, which 
leads to chain branching, does not occur. 


Many different Ziegler-Natta catalysts are used for polymerization, but most consist of an 
organoaluminum compound such as (CH3;CH)),AICI and TiCly, a Lewis acid. The active catalyst 
is thought to be an alkyl titanium compound, formed by transfer of an ethyl group from 
(CH3CH)),AICI to TiCly, although many mechanistic details are not known with certainty. It is 
generally agreed that the alkene monomer coordinates to an alkyl titanium complex, and then 
inserts into the Ti—C bond to form a new carbon-carbon bond, as shown in Mechanism 31.5. 


e Reaction of the organoaluminum 


Mi ies | oror compound with TiCl, forms a 
ti 


— 


Ziegler-Natta catalyst with a 
Ti-C bond. 


| Ziegler-Natta catalyst | 


Steps [2] and [3] Growth of the polymer chain by C—C bond formation 


| _—GH,CHg [2] 


~ 
pei a 
+ 
CH=CH; 


Dyneema, the strongest 
fabric known, is made of ultra 
high-density polyethylene, 
and is used for ropes, nets, 
bulletproof vests, and crash 
helmets. 


f ’ 
| new C—C bond | k 
— yp e An alkene monomer coordinates 
| | with the titanium catalyst in 
~~. on — = e Insertion of CH=CH; into the 
| H,C*~ ? | Repeat Ti-C bond forms a new C-C 
Steps [2] and [3]. bond in Step [3]. 


¢ Repeating Steps [2] and [3] again 
RN and again yields the long polymer 


long, linear polyethylene chain. 


The Ziegler-Natta polymerization of ethylene forms high-density polyethylene, HDPE, 
composed of long linear carbon chains that pack closely together, forming a rigid polymer. By 
using specialized manufacturing techniques that force the polymer chains to pack closely in the 
solid phase as a set of linear extended chains, this material is converted to ultra high-density 
polyethylene, a synthetic organic material stronger than steel. 


Recently developed Ziegler-Natta polymerizations utilize zirconium complexes that are solu- 
ble in the reaction solvents typically used, and so they are homogeneous catalysts. Reactions 
that use these soluble catalysts are called coordination polymerizations. 


31.5 


Locating isoprene units in 
terpenes was discussed in 
Section 30.7. 


Natural rubber is obtained 

from latex that oozes from cuts 
made to the bark of the rubber 
tree. Waterproof latex is the 
rubber tree’s natural protection, 
exuded in response to an 
injury. Although rubber was 
produced exclusively in Brazil 
until the late 1800s, today most 
of the world’s rubber comes 
from plantations in Southeast 
Asia, Sri Lanka, and Indonesia. 


Figure 31.5 


Vulcanized rubber 
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Natural and Synthetic Rubbers 


Natural rubber is a terpene composed of repeating isoprene units, in which all the double 
bonds have the Z configuration. Because natural rubber is a hydrocarbon, it is water insoluble, 
and thus useful for waterproofing. The Z double bonds cause bends and kinks in the polymer 
chain, making it a soft material. 


Z configuration 


| 
A — PDD 


isoprene natural rubber 
(2-methyl-1,3-butadiene) 


The polymerization of isoprene under radical conditions forms a stereoisomer of natural rubber 
called gutta-percha, in which all the double bonds have the E configuration. Gutta-percha is 
also a naturally occurring polymer, although considerably less common than its Z stereoisomer. 
Polymerization of isoprene with a Ziegler—Natta catalyst forms natural rubber with all the double 
bonds having the desired Z configuration. 


RUAN x y 


gutta-percha 


radical initiator 


E configuration 


A 
isoprene 
Ziegler-Natta Pr 


catalyst 


naturalirubber Z configuration 

Natural rubber is too soft to be a useful material for most applications. Moreover, when natural 
rubber is stretched, the chains become elongated and slide past each other until the material pulls 
apart. In 1839, Charles Goodyear discovered that mixing hot rubber with sulfur produced a stron- 
ger and more elastic material. This process, called vulcanization, results in cross-linking of the 
hydrocarbon chains by disulfide bonds, as shown in Figure 31.5. When the polymer is stretched, 
the chains no longer can slide past each other and tearing does not occur. Vulcanized rubber is 
an elastomer, a polymer that stretches when stressed but then returns to its original shape 
when the stress is alleviated. 


e Vulcanized rubber contains many disulfide bonds that cross-link the hydrocarbon chains together. 
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Gutta-percha, a much harder 
material than natural rubber 
obtained from latex, is used in 
golf ball casings. 


The degree of cross-linking 
affects the rubber’s properties. 
Harder rubber used for 
automobile tires has more 
cross-linking than the softer 
rubber used for rubber bands. 


Problem 31.13 


Problem 31.14 


31.6 


31.6A 


Nylon 6,6 is used in many 
products including parachutes 
and clothing. 


O 


OH + HIND ANN 
Ny 2 NH 


adipic acid © 


Synthetic Polymers 


Other synthetic rubbers can be prepared by the polymerization of different 1,3-dienes using 
Ziegler—Natta catalysts. For example, the polymerization of 1,3-butadiene affords (Z)-poly(1,3- 
butadiene), and the polymerization of 2-chloro-1,3-butadiene yields neoprene, a polymer used 
in wet suits and tires. 


Z configuration 


| 
ZN o E A r 


Ziegler-Natta 


1,3-butadiene catalyst (Z)-poly(1,3-butadiene) 
CI Cl | Cl 
pat ; SS x SS 3 
2-chioro-1,3-butadiene Ziggler Nata neoprene 


catalyst 


Assign the E or Z configuration to the double bonds in neoprene. Draw a stereoisomer of neoprene 
in which all the double bonds have the opposite configuration. 


The polymerization of CH, = CHCH = CH; under radical conditions affords products A and B. Draw 
a mechanism that accounts for their formation. 


Step-Growth Polymers—Condensation Polymers 


Step-growth polymers, the second major class of polymers, are formed when monomers con- 
taining two functional groups come together and lose a small molecule such as H,O or HCl. 
Commercially important step-growth polymers include: 


e Polyamides 

e Polyesters 

e Polyurethanes 
¢ Polycarbonates 
e Epoxy resins 


Polyamides 


Nylons are polyamides formed by step-growth polymerization. In Section 22.16A, we learned 
that nylon 6,6 can be prepared by the reaction of a diacid chloride and a diamine. Nylon 6,6 can 
also be prepared by heating adipic acid and 1,6-diaminohexane. A Brgénsted—Lowry acid-base 
reaction forms a diammonium salt, which loses H,O at high temperature. In both methods, each 
starting material has two identical functional groups. 


ie) 
proton O- + HN 
——— o Sy BOS 
transfer ony ‘ ai 
1,6-diaminohexane 9 | A (-H,0) 
0 H (0) 
N N 
$ m saarn Sp e aae 3 
H (0) o 


nylon 6,6 


Nylon 6, trade name Perlon, 
is used to make rope and 
tire cord. 
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Nylon 6 is another polyamide, which is made by heating an aqueous solution of €-caprolactam. 
The seven-membered ring of the lactam (a cyclic amide) is opened to form 6-aminohexanoic 
acid, the monomer that reacts with more lactam to form the polyamide chain. This step-growth 
polymerization thus begins with a single difunctional monomer that has two different functional 
groups, NH, and COOH. 


e-caprolactam 6-aminohexanoic acid Aor Dorbase 


Armadillo bicycle tires 
reinforced with Kevlar are hard 
to pierce with sharp objects, so 
a cyclist rarely gets a flat tire. 


31.6B 


(-H,0) on, 6 


Kevlar is a polyamide formed from terephthalic acid and 1,4-diaminobenzene. The aromatic 
rings of the polymer backbone make the chains less flexible, resulting in a very strong material. 
Kevlar is light in weight compared to other materials that are similar in strength, so it is used 
in many products, such as bulletproof vests, army helmets, and the protective clothing used by 
firefighters. 


H wy 
O, WN N 
O OH A \ 
+ HN NH3 THO H 
HO O (H 2 ) yo Oo 


terephthalic acid 1,4-diaminobenzene Kevlar 


Problem 31.15 What polyamide is formed from each monomer or pair of monomers? 


HOOC. COOH HN NH» O 
OH 
a. CY + HN(CH2)sNH3 c. Cr + Wo 
fe) 
fe) 


Polyesters 


Polyesters are formed by step-growth polymerization using nucleophilic acyl substitution reac- 
tions, as we learned in Section 22.16B. For example, the reaction of terephthalic acid and ethylene 
glycol forms polyethylene terephthalate (PET), the chapter-opening molecule. 


HO [6] yv [@] O 
\ 
+ HO ee id oe = 
2 ‘ ) S acid catalys J i ) L 


terephthalic acid ethylene glycol polyethylene terephthalate 
(PET) 


Although PET is a very stable material, some polyesters are more readily hydrolyzed to carbox- 
ylic acids and alcohols in aqueous medium, making them suited for applications in which slow 
degradation is useful. For example, copolymerization of glycolic acid and lactic acid forms a 
copolymer used by surgeons in dissolving sutures. Within weeks, the copolymer is hydrolyzed 
to the monomers from which it was prepared, which are metabolized readily by the body. These 
sutures are used internally to hold tissues together while healing and scar formation occur. 


Q À F 
H -— — |! 
HO Boji + i i OH copolymerization 3-0 So 3 
glycolic acid lactic acid copolymer 


enzymatic hydrolysis 
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Problem 31.16 


Problem 31.17 


31.6C 


Polyethylene terephthalate is also prepared by the transesterification of dimethyl terephthalate with 
ethylene glycol. Draw the mechanism for this nucleophilic acyl substitution. 


t "4 Geet Y 
d OCH, acid catalys g ens 


dimethyl terephthalate ethylene glycol polyethylene terephthalate 
(PET) 


The first synthetic fibers were prepared by the step-growth polymerization of HOOC(CH2)4COOH 
and HOCH2CH2OH. Draw the structure of this polymer and suggest reasons why it is less suitable 
than either nylon 6,6 or PET for use in consumer products. 


Polyurethanes 


A urethane (also called a carbamate) is a compound that contains a carbonyl group bonded to 
both an OR group and an NHR (or NR3) group (Section 29.7). Urethanes are prepared by the 
nucleophilic addition of an alcohol to the carbonyl group of an isocyanate, RN=C=O. 


(8) 
a 
o , n y WR 
R-N=C=O + ROH nucleophilic addition | 
isocyanate a 
urethane 


or carbamate 


Polyurethanes are polymers formed by the reaction of a diisocyanate and a diol. 


CHa 4 «=e 


H 
O=C=N_A__N=C=0 so oa ot 
ie + HO OH <i? 6 
toluene 2,6-diisocyanate ethylene glycol a polyurethane 


A well-known polyurethane is spandex, a strong and flexible polymer that illustrates how the 
macroscopic properties of a polymer depend on its structure at the molecular level. Spandex 
was first used in women’s corsets, girdles, and support hose, but is now routinely used in both 
men’s and women’s active wear. Spandex is strong and lends “support” to the wearer, but it also 
stretches. Spandex is lighter in weight than many other elastic polymers, and it does not break 
down when exposed to perspiration and detergents. On the molecular level, it has rigid regions 
that are joined together by soft, flexible segments. The flexible regions allow the polymer to 
expand and then recover its original shape. The rigid regions strengthen the polymer. 


“flexible | flexible portion | 


UAC OA coe 


| rigid segment | rigid segment ms 


spandex 


Trade name: Lycra 


[The urethane units are indicated in red.] 


31.6D 


Although it is not acutely 
toxic, bisphenol A (BPA) 


mimics the body’s own 


hormones and disrupts normal 
endocrine functions. Concern 
over low-dose exposure by 
infants has led to a voluntary 
phase-out of BPA-based 
polymers in infant formula 


packaging. 
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Polycarbonates 


A carbonate is a compound that contains a carbonyl group bonded to two OR groups. Carbonates 
can be prepared by the reaction of phosgene (Cl,C=0O) with two equivalents of an alcohol (ROH). 


(8) O 

II + ROH me ll 

; nucleophilic substitution C 
cl yt. cl (2 equiv) Ro” “oR 
carbonate 


Polycarbonates are formed from phosgene and a diol. The most widely used polycarbonate is 
Lexan, a lightweight, transparent material that is formed from phosgene and bisphenol A, and 
used in bike helmets, goggles, catcher’s masks, and bulletproof glass. 


he * sone 7 COOL I AA 


phosgene 


bisphenol A Lexan 


Problem 31.18 Lexan can also be prepared by the acid-catalyzed reaction of diphenyl carbonate with bisphenol A. 


(0) 


diphenyl carbonate 


31.6E 


6 :0: B nhir 
S Gii -= 7” N ° 2h 
Su S = oe ci Sp2 w AX] [2] protonation 


epichlorohydrin alkoxide + 


Draw a stepwise mechanism for this process. 


Hgy * YNO wos CY CLL 
CH0” OCH” o ” No aiia oN 


bisphenol A Lexan + 2C,H;OH 


Epoxy Resins 


Epoxy resins represent a class of step-growth polymer familiar to anyone who has used “epoxy” 
to glue together a broken object. An epoxy resin consists of two components: a fluid prepolymer 
composed of short polymer chains with reactive epoxides on each end, and a hardener, usually 
a diamine or triamine that ring opens the epoxides and cross-links the chains together. The pre- 
polymer is formed by reacting two difunctional monomers, bisphenol A and epichlorohydrin. 


HO. OH 6 
Q O™ bus 
epichlorohydrin 


bisphenol A 


Bisphenol A has two nucleophilic OH groups, while epichlorohydrin has polar C-O and 
C-Cl bonds that can react with two different nucleophiles. The general reaction of epichlorohy- 
drin with nucleophiles is given in the accompanying equation. Nucleophilic attack on the strained 
epoxide ring affords an alkoxide that displaces chloride by an intramolecular Sy2 reaction, form- 
ing a new epoxide. Ring opening with a second nucleophile gives a 2° alcohol. 


2 C—Nu bonds 


Cl 
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epichlorohydrin prepolymer 
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hardening agent 


H OH OH 
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epoxy am 
The polymer chains are cross-linked together. 
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When bisphenol A is treated with excess epichlorohydrin, this stepwise process continues until 
all the phenolic OH groups have been used in ring-opening reactions, leaving epoxy groups on 
both ends of the polymer chains. This constitutes the fluid prepolymer, as shown in Figure 31.6. 


When the prepolymer is mixed with a diamine or triamine (the hardener), the reactive epoxide 
rings can be opened by the nucleophilic amino groups to cross-link polymer chains together, 
causing the polymer to harden. A wide range of epoxy resins is commercially prepared by this 
process, making them useful for adhesives and coatings. The longer and more extensively cross- 
linked the polymer chains, the harder the resin. 


Problem 31.19 (a) Draw the structure of the prepolymer A formed from 1,4-dihydroxybenzene and excess 
epichlorohydrin. (b) Draw the structure of the cross-linked polymer B formed when A is treated 
with HəNCH2CH2CH2NH; as the hardening agent. 


HN NH 
O aN a NHe 
Ho—{ jon + [\ a — A B 


1,4-dihydroxybenzene a 
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31.7 Polymer Structure and Properties 


While the chemistry of polymer synthesis can be explained by the usual themes of organic reac- 
tions, the large size of polymer molecules gives them some unique physical properties compared 
to small organic molecules. 


Linear and branched polymers do not form crystalline solids because their long chains prevent 
efficient packing in a crystal lattice. Most polymer chains have crystalline regions and amor- 
phous regions: 


amorphous regions 


crystalline region 


crystalline region 


e Ordered crystalline regions, called crystallites, are places where sections of the polymer 
chain lie in close proximity and are held together by intermolecular interactions. Ordered 
regions of polyethylene, — [CH zCH)],,—, are held together by van der Waals interactions, 
whereas ordered regions of nylon chains are held together by intermolecular hydrogen 
bonding. 

e Amorphous regions are places where the polymer chains are randomly arranged, resulting 
in weak intermolecular interactions. 


Crystalline regions impart toughness to a polymer, while amorphous regions impart flex- 
ibility. The greater the crystallinity of a polymer—that is, the larger the percentage of ordered 
regions—the harder the polymer. Branched polymers are generally more amorphous and, since 
branching prevents chains from packing closely, they are softer, too. 


Two temperatures, T, and Tm, often characterize a polymer’s behavior on heating: 


° To the glass transition temperature, is the temperature at which a hard amorphous 
polymer becomes soft. 

© T,,, the melt transition temperature, is the temperature at which the crystalline regions of 
the polymer melt to become amorphous. More ordered polymers have higher Tm values. 


Thermoplastics are polymers that can be melted and then molded into shapes that are retained 
when the polymer is cooled. Although they have high T, values and are hard at room temperature, 
heating causes individual polymer chains to slip past each other, causing the material to soften. 
Polyethylene terephthalate and polystyrene are thermoplastic polymers. 


Thermosetting polymers are complex networks of cross-linked polymers. Thermosetting poly- 
mers are formed by chemical reactions that occur when monomers are heated together to form a 
network of covalent bonds. Thermosetting polymers cannot be re-melted to form a liquid phase, 
because covalent bonds hold the network together. Bakelite, a thermosetting polymer prepared 
from phenol (PhOH) and formaldehyde (H,C=O) in the presence of a Lewis acid, is formed by 
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Figure 31.7 OH 


The synthesis of Bakelite from 
phenol and formaldehyde 
A -H “Lewis” 
acid acid 
phenol formaldehyde [2] 


| Reneat Steps [1] and [2]. 


e Bakelite, the first totally synthetic 
polymeric material, was patented by Leo 
Baekeland in 1910. Bowling balls are 
made of Bakelite. Bakelite 


electrophilic aromatic substitution reactions. Since formaldehyde is a reactive electrophile and 
phenol contains a strongly electron-donating OH group, substitution occurs at all ortho and para 
positions to the OH group, resulting in a highly cross-linked polymer, shown in Figure 31.7. 


Problem 31.20 Draw a stepwise mechanism for Step [2] in Figure 31.7 using AlCl, as the Lewis acid catalyst. 


Souuciiues a polymer is too stiff and brittie to be useful in many applications. In this case, a low 
molecular weight compound called a plasticizer is added to soften the polymer and give it flex- 
ibility. The plasticizer interacts with the polymer chains, replacing some of the intermolecular 
interactions between the polymer chains. This lowers the crystallinity of the polymer, making it 
more amorphous and softer. 


Dibutyl phthalate is a plasticizer added to the poly(vinyl chloride) used in vinyl upholstery and gar- 
den hoses. Since plasticizers are more volatile than the high molecular weight polymers, they slowly 
evaporate with time, making the polymer brittle and easily cracked. Plasticizers like dibutyl phthal- 
ate that contain hydrolyzable functional groups are also slowly degraded by chemical reactions. 


oan 
COOCH,CH,CH2CH, 
dibutyl phthalate 


31.8 Green Polymer Synthesis 


One hundred fifty years ago there were no chemical manufacturing plants and no synthetic 
polymers, and petroleum had little value. Synthetic polymers have transformed the daily lives of 
many in the modern world, but not without a hefty price. Polymer synthesis and disposal have a 
tremendous impact on the environment, creating two central issues: 


e Where do polymers come from? What raw materials are used for polymer synthesis and 
what environmental consequences result from their manufacture? 

e What happens to polymers once they are used? How does polymer disposal affect the 
environment, and what can be done to minimize its negative impact? 


31.8A 


Recall from Section 4.7 that 
3% of a barrel of crude oil 
is used as the feedstock for 
chemical synthesis. 


Figure 31.8 


Synthesis of adipic acid and 
1,6-diaminohexane for 
nylon 6,6 synthesis 


H2 


— 
catalyst 


[1] 
benzene 
(from petroleum) 
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Environmentally Friendly Polymer Synthesis—The Feedstock 


In Chapter 12, you were introduced to green chemistry, the use of environmentally benign meth- 
ods to synthesize compounds. Given the billions of pounds of polymers manufactured worldwide 
each year, there is an obvious need for methods that minimize the environmental impact. 


To date, green polymer synthesis has been approached in a variety of ways: 


e Using starting materials that are derived from renewable sources, rather than petro- 
leum. The starting materials for an industrial process are often called the chemical 
feedstock. 

e Using safer, less toxic reagents that form fewer by-products. 

e Carrying out reactions in the absence of solvent or in aqueous solution (instead of an 
organic solvent). 


Until recently, the feedstock for all polymer synthesis has been petroleum; that is, the mono- 
mers for virtually all polymer syntheses are made from crude oil, a nonrenewable raw material. 
As an example, nylon 6,6 is prepared industrially from adipic acid [HOOC(CH,),COOH] and 
1,6-diaminohexane [H,N(CH>)sNH)], both of which originate from benzene, a product of petro- 
leum refining (Figure 31.8). 


Monomers needed for 
nylon 6,6 synthesis 


+ NO 
by-product 


(07) oH 3 2 HNO, 
catalyst [3] 
[2] 


adipic acid O 


NH 
OH 2 pa ON 
wry 7 HN 2 
fe) 1,6-diaminohexane 


adipic acid 


¢ The synthesis of both monomers needed for nylon 6,6 synthesis begins with benzene, a petroleum 
product. 


Besides beginning with a nonrenewable chemical feedstock, adipic acid synthesis has other 
problems. The use of benzene, a carcinogen and liver toxin, is undesirable, especially in a large- 
scale reaction. Moreover, oxidation with HNO; in Step [3] produces N,O as a by-product. N,O 
depletes ozone in the stratosphere in much the same way as the CFCs discussed in Chapter 15. In 
addition, NO also absorbs thermal energy from the earth’s surface like CO, and may therefore 
contribute to global climate change, as discussed in Section 4.14. 


As a result, several research groups are working to develop new methods of monomer synthesis 
that begin with renewable, more environmentally friendly raw materials and produce fewer haz- 
ardous by-products. As an example, chemists at Michigan State University have devised a two- 
step synthesis of adipic acid from D-glucose, a monosaccharide available from plant sources. The 
synthesis uses a genetically altered E. coli strain (called a biocatalyst) to convert D-glucose to 
(2Z,4Z)-2,4-hexadienoic acid, which is then hydrogenated to adipic acid. Methods such as this, 
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which avoid starting materials derived from petroleum, are receiving a great deal of attention in 
the chemical community. 


HO 


(®) 
HO,, 
% O genetically engineered — COOH Ho OH 
bacteria wore = catalyst HO 
(8) 


HO OH 
OH (2Z,4Z)-2,4-hexadienoic acid adipic acid 


one 


D-glucose 


Sorona, DuPont’s trade name for poly(trimethylene terephthalate), is a large-volume polymer 
that can now be made at least in part from glucose derived from a renewable plant source such 
as corn. A biocatalyst converts D-glucose to 1,3-propanediol, which forms poly(trimethylene 
terephthalate) (PTT) on reaction with terephthalic acid, as shown in Figure 31.9, 


In related chemistry, poly(lactic acid) (PLA) is a polymer used in bottles and packaging, and 
it can also be made into a synthetic fiber (trade name Ingeo) used in clothing and carpets. 
Poly(lactic acid) is prepared on a large scale by the fermentation of carbohydrates obtained from 
corn. Fermentation initially yields a cyclic lactone called lactide, derived from two molecules 
of lactic acid [CH;CH(OH)CO,H]. Heating lactide with acid forms poly(lactic acid). PLA is an 
especially attractive polymer choice, because it readily degrades in a landfill. 


fermentati e p H* 
carbohydrates ena pi [ — 
oO (0) 


lactide poly(lactic acid) 


Figure 31.9 A swimsuit made (in part) from corn—The synthesis of 
poly(trimethylene terenhthalate) from 1 3- nropanedio! derived from oc 


Ar 
rom corm 


biocatalyst 
BOCES Ho ~~ “oH 


i Se 


y 


1,3-propanediol aw o 
sll Sy 
HO fe) fe) ul — 
rr p< poly(trimethylene terephthalate) 
(0) OH (PTT) 


terephthalic acid 


swimsuit made from 


Carbohydrates in corn can be Sorena Teste 
converted to 1,3-propanediol. 


e Poly(trimethylene terephthalate), sold as Sorona by the DuPont Corporation, is made into fibers 
used in clothing and other materials. Although 1,3-propanediol, one of the monomers needed for 
its synthesis, has been prepared from petroleum feedstocks in the past, it is now available from a 
renewable plant source such as corn. 


31.8B 


Problem 31.21 


31.9 


31.9A 
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Polymer Synthesis with Less Hazardous Reagents 


Other approaches to green polymer synthesis have concentrated on using less hazardous reagents and 
avoiding solvents. For example, Lexan can now be prepared by the reaction of bisphenol A with 
diphenyl carbonate [(PhO)C =O] in the absence of solvent. This process avoids the use of phosgene 
(Cl,C=0, Section 31.6D), an acutely toxic reagent that must be handled with extreme care, as well 
as the large volume of CH,Cl, typically used as the solvent for the polymerization process. 


[ A “greener” reagent 


9 9 
An AT RULA 
CH0 OCsHs HO OH 


diphenyl carbonate bisphenol A Lexan 


used in place of 
Cl C=0 


Thermosetting resins similar to Bakelite (Section 31.7} have also been prepared from renewable 
feedstocks. One method uses cardinol, the major constituent of the liquid obtained from roasted 
cashew nutshells. What polymer is obtained when cardinol is treated with formaldehyde (H2C = O} 
in the presence of a proton source? 


OH 
H,C=O 
NO ad Hi 
cardinol 


Polymer Recycling and Disposal 


The same desirable characteristics that make polymers popular materials for consumer products— 
durability, strength, and lack of reactivity—also contribute to environmental problems. Polymers 
do not degrade readily, and as a result, billions of pounds of polymers end up in landfills every 
year. Estimates suggest that synthetic polymers comprise 11% of solid municipal waste, 30% of 
which comes from packaging materials. 


Two solutions to address the waste problem created by polymers are recycling existing polymer 
types to make new materials, and using biodegradable polymers that will decompose in a finite 
and limited time span. 


Polymer Recycling 


Although thousands of different synthetic polymers have now been prepared, six compounds, 
called the “Big Six,” account for 76% of the synthetic polymers produced in the United States 
each year. Each polymer is assigned a recycling code (1-6) that indicates its ease of recycling; 
the lower the number, the easier to recycle. Table 31.1 lists these six most common polymers, 
as well as the type of products made from each recycled polymer. 


Recycling begins with sorting plastics by type, shredding the plastics into small chips, and wash- 
ing the chips to remove adhesives and labels. After the chips are dried and any metal caps or rings 
are removed, the polymer chips are melted and molded for reuse. 
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Table 31.1 Recyclable Polymers ate 


Recycling code Polymer name Structure Recycled product 
(0) Oo j 
1 PET "E fleece jackets 
Polyethylene terephthalate carpating 
O hi plastic bottles 
2 HDPE Tyvek insulation 


High-density polyethylene sports clothing 


if 


E : ES P floor mats 
Poly(vinyl chloride} Cl 
* LDPE owl trash bags 
Low-density polyethylene n 
PP furniture 
Polypropylene n 
6 PS tt molded trays 
Polystyrene Ph o trash cans 


Of the Big Six, only the polyethylene terephthalate (PET) in soft drink bottles and the high- 
density polyethylene (HDPE) in milk jugs and juice bottles are recycled to any great extent. Since 
recycled polymers are often still contaminated with small amounts of adhesives and other materi- 
als, these recycled polymers are generally not used for storing food or drink products. Recycled 
HDPE is converted to Tyvek, an insulating wrap used in new housing construction, and recycled 
PET is used to make fibers for fleece clothing and carpeting. Currently about 23% of all plastics 
are recycled in the United States. 


An alternative recycling process is to re-convert polymers back to the monomers from which they 
were made, a process that has been successful with acyl compounds that contain C—O or 
C-N bonds in the polymer backbone. For example, heating polyethylene terephthalate with 
CH}OH cleaves the esters of the polymer chain to give ethylene glycol (HOCH,CH,OH) and 
dimethyl terephthalate. These monomers then serve as starting materials for more PET. This 
chemical recycling process is a transesterification reaction that occurs by nucleophilic acyl sub- 
stitution, as discussed in Chapter 22. 


omer | 


Q o) CHOH on. ots o 
—— Ho SA a 
o o o OCH, 
n 


ethylene glycol 


polyethylene terephthalate 
(PET) | 
= chemical recycling 


dimethyl terephthalate 


Ue Seal 
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Similarly, treatment of discarded nylon 6 polymer with NH; cleaves the polyamide backbone, 
forming €-caprolactam, which can be purified and re-converted to nylon 6. 
O 


O H 
Nha NH 


n 


nylon 6 -caprolactam 


Ly chemical recycling a 


Problem 31.22 Why can’t chemical recycling —that is, the conversion of polymer to monomers and re-conversion 
of monomers to polymer—be done easily with HDPE and LDPE? 


Problem 31.23 Organic polymers can also be incinerated as a means of disposal. (a) What products are formed 
on combustion of polyethylene? (b) What products are formed on combustion of polyethylene 
terephthalate? (c) Are these reactions exothermic or endothermic? (See Sections 6.4 and 30.3 for 
related reactions.) (d) Propose a reason why HDPE and PET must be separated from poly(vinyl 
chloride) prior to incineration. 


31.9B Biodegradable Polymers 
Another solution to the accumulation of waste polymers in landfills is to design and use polymers 


that are biodegradable. 


e Biodegradable polymers are polymers that can be degraded by microorganisms— 
bacteria, fungi, or algae—naturally present in the environment. 


Several biodegradable polyesters have now been developed. For example, the polyhydroxyal- 
kanoates (PHAs) are polymers of 3-hydroxy carboxylic acids, such as 3-hydroxybutyric acid or 
3-hydroxyvaleric acid. 


General structure— — 
ee 5 Monomer 


3-hydroxy carboxylic acid 


R = CH}, 3-hydroxybutyric acid 
R = CH,CH3, 3-hydroxyvaleric acid 


The two most common PHAs are polyhydroxybutyrate (PHB) and a copolymer of polyhy- 
droxybutyrate and polyhydroxyvalerate (PHBV). PHAs can be used as films, fibers, and coat- 
ings for hot beverage cups made of paper. 


PHAs are bioplastics. PHAs are 
not synthesized from petroleum PHB PHBV 
products, and they are degraded 


by soil microorganisms to CO. $ ; 
a H,O t i products are CO, and H,O. The rate of degradation depends on moisture, temperature, and pH. 


—- Degradation is slower in enclosed landfills that are lined and covered. 


Bacteria in the soil readily degrade PHAs, and in the presence of oxygen, the final degradation 
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An additional advantage of the polyhydroxyalkanoates is that the polymers can be produced by 
fermentation. Certain types of bacteria produce PHAs for energy storage when they are grown 
in glucose solution in the absence of specific nutrients. The polymer forms as discrete granules 
within the bacterial cell, and it is then removed by extraction to give a white powder that can be 
melted and modified into a variety of different products. 


Biodegradable polyamides have also been prepared from amino acids. For example, aspartic 
acid can be converted to polyaspartate, abbreviated as TPA (thermal polyaspartate). TPA is com- 
monly used as an alternative to poly(acrylic acid), which is used to line the pumps and boilers of 
wastewater treatment facilities. 


o coo“ 
HN on Ma 
T2170, HÖ COOH aie ain tl 
COOH a 
coo poly(acrylic acid) 
aspartic acid polyaspartate 
(TPA) 
Problem 31.24 What polymers are formed from each monomer? 
H Ọ 
OH 
a. OH b. HN 
(0) 
KEY CONCEPTS reae 
Synthetic Polymers 
Chain-Growth Polymers—Addition Polymers 
[1] Chain-growth polymers with alkene starting materials (31.2) 
e General reaction: 
initiator 3 
fz — yeep ery 
Z Z Z Z 
e Mechanism—three possibilities, depending in part on the identity of Z: 
Type Identity of Z Initiator Comments 
[1] radical polymerization Z stabilizes a radical. A source of radicals Termination occurs by radical 
Z=R; Ph, Cl, etc. (ROOR) coupling or disproportionation. 
Chain branching occurs. 
[2] cationic polymerization Z stabilizes a carbocation. H-A or a Lewis acid Termination occurs by loss of 
Z =R, Ph, OR, etc. (BF + H20) a proton. 
[3] anionic polymerization Z stabilizes a carbanion. An organolithium reagent Termination occurs only when an 
Z = Ph, COOR, COR, ON, etc. (R-Li) acid or other electrophile is added. 


[2] Chain-growth polymers with epoxide starting materials (31.3) 


fe) = 
EN Ok kak On e The mechanism is Sy2. 
R oN e Ring opening occurs at the less substituted carbon of the epoxide. 
R 
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Examples of Step-Growth Polymers—Condensation Polymers (31.6) 


Polyamides Polyesters 
H 
| SK 9 
aes | HA 
O (8) 
nylon 6 polyethylene terephthalate 
H e 10) 
Q N N ASA 3 
H 3 o 
nnar oO (0) 
Kevlar copolymer of 


glycolic and lactic acids 


Polyurethanes 


AO 


a polyurethane 


Polycarbonates 


[Key functional groups are indicated in red.] 


Structure and Properties 

e Polymers prepared from monomers having the general structure CH} = CHZ can be isotactic, syndiotactic, or atactic depending 
on the identity of Z and the method of preparation (31.4). 

e Ziegler-Natta catalysts form polymers without significant branching. Polymers can be isotactic, syndiotactic, or atactic depending 
on the catalyst. Polymers prepared from 1,3-dienes have the E or Z configuration depending on the catalyst (31.4, 31.5). 

e Most polymers contain ordered crystalline regions and less ordered amorphous regions (31.7). The greater the crystallinity, the 
harder the polymer. 

e Elastomers are polymers that stretch and can return to their original shape (31.5). 

e Thermoplastics are polymers that can be molded, shaped, and cooled such that the new form is preserved (31.7). 

e Thermosetting polymers are composed of complex networks of covalent bonds so they cannot be re-melted to form a liquid 
phase (31.7). 


PROBLEMS x 


Problems Using Three-Dimensional Models 


31.25 Draw the structure of the polymer formed by chain-growth polymerization of each monomer. 


P 
o @ 


) 4 W, 
a © @ v b. @.®@ 
J } eo. i ar 
@ Yv i d 
@ it 
31.26 What monomer(s) are used to prepare each polymer or copolymer? 
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31.27 Draw the structure of the polymer formed by step-growth polymerization of each monomer or pair of monomers, 


~ ¥) 
rs ~e%e* O @ 
a Wy @ b. è = a 
s Q o e*e Y ə 
wv ò $ 


Polymer Structure and Properties 
31.28 Draw the structure of the polymer formed by chain-growth polymerization of each monomer. 


F CH,O L 5 
a. pe. b = ON po 


3 fo di FINAN] 
CH3CH,0,C H 
31.29 Draw the structure of the alternating copolymer formed from each pair of monomers. 


a. 2 cn and c. A cn and Pa al e. = and ANI 


AN 
Cl oO 
b. a and OO d. =f and ÆN 


31.30 What monomer(s) are used to prepare each polymer or copolymer? 


C(CHg)g3 
a. $ : on ; i of? 
EtO,C CO,Et CO,Et C(CHsa)g 
i fe) 10) (0) 
b Ny s 3 d poo oho” 
© kea 


31.31 Draw each polymer in Problem 31.30 using the shorthand representation shown in Figure 31.2. 
31.32 Draw a short segment of each polymer: (a) isotactic poly(vinyl chloride); (b) syndiotactic polyacrylonitrile; (c) atactic polystyrene. 


31.33 Draw the structure of the polymer that results from anionic polymerization of p-trichloromethylstyrene (CClgCgH,CH = CH3) using 
ethylene oxide as the electrophile to terminate the chain. 


31.34 Draw the structure of the polymer formed by step-growth polymerization of each monomer or pair of monomers. 


HN NH2 Coc! 
a. D and Hoè com (o CL and Ho on 
coc! 
b. o=c=n—  }—n=0=0 and Ho ~~ “OH d. Ho— coor 


31.35 ABS, a widely produced copolymer used for high-impact applications like car bumpers and crash helmets, is formed from three 
monomers —acrylonitrile (CH2 = CHCN), 1,3-butadiene (CH2 = CH- CH= CHb), and styrene (CH2 = CHPh). Draw a possible 
structure for ABS. 
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31.36 Draw the structures of Quiana and Nomex, two commercially available step-growth polymers formed from the given 
monomers. Nomex is a strong polymer used in aircraft tires and microwave transformers. Quiana has been used to make 


wrinkle-resistant fabrics. 


HoN NH Q 
O 
ciO coci HN NH; 
b. + tL —— Nomex 


31.37 Kevlar (Section 31.6A) is a very stiff polymer because its backbone contains many aromatic rings and its polymer chains are 
extensively hydrogen bonded to each other. Draw a short segment of two Kevlar chains, and indicate how the chains are 


hydrogen bonded to each other. 

31.38 Explain the differences observed in the T, and Tm values for each pair of polymers: (a) polyester A and PET; (b) polyester A and 
nylon 6,6. (c) How would you expect the Tm value for Kevlar (Section 31.6A) to compare with the Tm value for nylon 6,6? Explain 
your prediction. 


ie) o o 0 i 
Ong rn Oo, PO T 
O O ri 
n n e) n 
PET 


polyester A nylon 6,6 
T4 < 0°C Tg = 70°C Tg = 53 °C 
Tm = 50 °C Tm = 265 °C Tin = 265 °C 


31.39 Explain why diester A is now often used as a plasticizer in place of dibuty! phthalate. 


(0) (@] 
O 
A dibutyl phthalate 


Mechanism 
31.40 Draw a stepwise mechanism for the polymerization of isoprene to gutta-percha using (CH3)3CO — OC(CHs)3 as the initiator. 


» ÙL (CHg)sCO—-OC(CHg)3 3 x x x ; 


isoprene gutta-percha 


31.41 Cationic polymerization of 3-phenylpropene (CH2 = CHCH;Ph) affords A as the major product rather than B. Draw a stepwise 
mechanism to account for this observation. 


major product 
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31.42 
31.43 


31.44 


31.45 


31.46 


31.47 


31.48 


31.49 
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Explain why acrylonitrile (CH = CHCN) undergoes cationic polymerization more slowly than 3-butenenitrile (CH2=CHCH2CN). 


Draw a stepwise mechanism for the anionic polymerization of styrene (CH3 = CHPh) to form polystyrene —[CH2CHPh],,— using 
BuLi as the initiator. Use CO, as the electrophile that terminates the chain mechanism. 


Although styrene undergoes both cationic and anionic polymerization equally well, one method is often preferred with 
substituted styrenes. Which method is preferred with each compound? Explain. 


Rank the following compounds in order of increasing ability to undergo anionic chain-growth polymerization. 


(8) CN 
Po ZA OCH; Aor 
O (0) 


In the presence of H30*, 2-methylpropene oxide undergoes chain-growth polymerization such that nucleophilic attack occurs at 
the more substituted end of the epoxide. Draw a stepwise mechanism for this process, and explain this regioselectivity. 


Nucleophilic attack occurs here. 


o HE X o OH 
HO (8) 
2-methylpropene oxide n 


Draw a stepwise mechanism for the conversion of dihalide A and 1,4-cyclohexanediol to polyether B in the presence of AIClg. 


AICI 
CICH; CHCI + HO CH, —CH,-O (0) 
B n 


1,4-cyclohexanediol 


Draw a stepwise mechanism for the following reaction, which is used to prepare bisphenol A (BPA), a widely used monomer in 


polymer synthesis. 
\ ff 
HoA ) + . en — Ss to + HO 
ee OH 


bisphenol A 


Draw a stepwise mechanism for the reaction of an alcohol with an isocyanate to form a urethane. 


H 
N. OCH, 
C )-n=0=0 +  CH,OH Cy y 


a urethane 


Problems 1255 


Reactions and Synthesis 
31.50 Draw the products of each reaction. 


OH 
ea = 
" “TCL. (CH3)gCO—OC(CHs3)3 £ A z Ti 
OCH, OH 


(excess) 
; O oO O 
Ziegler-Natta -OH 
b. AS ie g. eae. REg — 
yst o HO 
BuLi (initi H E 
™ uLi (initiator) k, : E. s OH 
Ss 3 3 TRO 
(0) 
BF; + H,O 
d i, OCN NCO + HO Sy => 
(0) 
e ZO, b HO ge i saat 


31.51 Explain why aqueous NaOH solution can be stored indefinitely in polyethylene bottles, but spilling aqueous base on a polyester 
shirt or nylon stockings quickly makes a hole. 


31.52 What epoxy resin is formed by the following reaction sequence? 


NH 
HoN~ ~~ 2 
HO CHg OH + i ——> prepolymer ===> 


31.53 (a) Explain why poly(vinyl alcohol) cannot be prepared by the radical polymerization of vinyl alcohol (CH3 = CHOH). (b) Devise a 
stepwise synthesis of poly(vinyl alcohol) from vinyl acetate (CH3 = CHOCOCH»3). (c) How can poly(vinyl alcohol) be converted to 
poly(vinyl butyral), a polymer used in windshield safety glass? 


OH OH O O 


poly(vinyl alcohol) eae 


poly(vinyl butyral) 


31.54 Although 1,3-propanediol (HOCH,CH2CH,OH) can now be prepared from carbohydrate feedstocks (Section 31.8), it can also be 
prepared from petroleum feedstocks. Devise a synthesis of HOCH,CH2CH2OH from CH3CH= CHa, a product of petroleum 
refining. 
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31.55 Devise a synthesis of terephthalic acid and ethylene glycol, the two monomers needed for polyethylene terephthalate synthesis, 
from the given starting materials. 


ethylene glycol 
terephthalic acid y gy 


31.56 The reaction of p-cresol with CH2 = O resembles the reaction of phenol (PhOH) with CH2 = O, except that the resulting polymer 
is thermoplastic but not thermosetting. Draw the structure of the polymer formed, and explain why the properties of these two 


polymers are so different. 
on on + CH=O ——> 


p-cresol 


Biological Applications 


31.57 In addition to glycolic and lactic acids (Section 31.6B), dissolving sutures can also be prepared from each of the following 
lactone monomers. Draw the structure of the polymer formed from each monomer. 


Q Ọ 
o) Ao 
——> polycaprolactone b. 6 ll —— polydioxanone 
e-caprolactone p-dioxanone 


31.58 Compound A is a novel poly(ester amide) copolymer that can be used as a bioabsorbable coating for the controlled release 
of drugs. A is a copolymer of four monomers, two of which are amino acids or amino acid derivatives. The body’s enzymes 
recognize the naturally occurring amino acids in the polymer backbone, allowing for controlled enzymatic breakdown of the 
polymer and steady release of an encapsulated drug. Identify the four monomers used to synthesize A; then use Figure 29.2 to 
name the two amino acids. 


fe) (0) A fe) 
| q |I ‘ Il H H 
(0) oO ie) 
ao 
poly(ester amide) A 


31.59 Researchers at Rutgers University have developed biocompatible polymers that degrade into nonsteroidal anti-inflammatory 
drugs. For example, the reaction of two equivalents of benzyl salicylate and one equivalent of sebacoyi chloride forms a 
poly(anhydride ester) called PolyAspirin, which hydrolyzes to salicylic acid (an anti-inflammatory agent) and sebacic acid, which 
is excreted. This technology can perhaps be used for localized drug delivery at specific sites of injury. What is the structure of 


PolyAspirin? 
CO,CHsPh 
OH 
‘ag 
eee Bas eda im 
o benzy! all —— PolyAspirin 
ae cl salicylic acid sebacic acid ia i 


sebacoyl chloride 10) 
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Challenge Questions 


31.60 Melmac, a thermosetting polymer formed from melamine and formaldehyde (CH2= O), is used to make dishes and countertops. 
Draw a stepwise mechanism for the condensation of one mole of formaldehyde with two moles of melamine, which begins the 
synthesis of Melmac. 


H H H H H H 
HN N NH HN N N N N NH N N N N N N 
2 yy 2 gs 2 T y ee | T 2 $ Y NZ TI ~ 
in 2 Z —> 
yo m T pal Ba 7 


NH, NH3 NH. 
melamine H H 
N 


5 
ae 
z 
T 
as 

= 


Melmac 


31.61 Although chain branching in radical polymerizations can occur by intermolecular H abstraction as shown in Mechanism 31.2, 
chain branching can also occur by intramolecular H abstraction to form branched polyethylene that contains butyl groups as 
branches. 


[1] intramolecular H abstraction $ 


[2] CH=CH; n 
[3] Repeat Step [2]. eR 


i 


butyl substituent 
a. Draw a stepwise mechanism that illustrates which H must be intramolecularly abstracted to form butyl substituents. 
b. Suggest a reason why the abstraction of this H is more facile than the abstraction of other H’s. 


31.62 The reaction of urea [(NH2)2C = O] and formaldehyde (CH2= O} forms a highly cross-linked polymer used in foams. Suggest a 
structure for this polymer. [Hint: Examine the structures of Bakelite (Figure 31.7) and Melmac (Problem 31.60).] 
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Compound 
HI 


HCI 
[(CHa)2OH]* 
[CH3OH,]* 
H,0* 
CH3SO3H 


CHS  ~NHp 
CFs,COOH 
CClsCOOH 


Cl,CHCOOH 
HgPO, 
FCH;,COOH 
CICHsCOOH 
BrCH,COOH 
ICH,COOH 
HF 


on—( ooon 


HCOOH 


pk, Values for Selected Compounds 


-3.8 
-2.5 
-47 
-1.2 


0.0 


0.2 
0.6 


1.0 


1.3 
2.1 
2.7 
2.8 
2.9 
3.2 
3.2 


3.4 


3.8 


Compound 


= 
e ) ir 


CHCOOH 
(CHs)gCCOOH 


; 
A NH, 


pK, 


3.9 


4.0 


4.2 


4.3 


4.5 


4.6 


4.8 
5.0 


5.1 


5.3 


5.3 


6.4 
7.0 


7A 


7.8 


Compound 


Oo 
O 


9 
5 
mo FT 
z 

(®} 

= 


NH,* 
HsNCH,COO- 


O 

pa 
Ò | 
Q 
= 

[0] 

T 


L 
O 
O 
ar 


z 
= 
Ls) 
Q 
E 
z 
O 
N 
O 
I 


CH3CH2SH 
[(CH3)3NH]* 


O 
= 
Oo 
id 


[CH3NHg]* 


Z+ 
ai 
(5 


[(CHs)2NH3]* 
CF3CH2OH 


EtO OEt 


O 
ja 
O 


pKa 


8.9 


9.1 


9.4 


9.4 
9.8 


10.0 


10.2 


10.2 
10.2 


10.3 
10.5 


10.6 


10.7 


Compound 


OS 


CHOH 
H20 
CH3CH20H 
CHCONH2 
CH3CHO 
(CH3)3COH 
(CH3)2C =O 
CH3CO2CH2CH3 
HC=CH 
CH;C=N 
CHCl, 
CH3gCON(CHs)2 


CH2 =CHCH3 
CH, =CH, 
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PK, 


19.2 
24.5 


41 


43 
43 
44 
46 


50 
50 
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D, Nomenclature 


ə 


Although the basic principles of nomenclature are presented in the body of this text, additional 
information is often needed to name many complex organic compounds. Appendix B concen- 
trates on three topics: 

e Naming alkyl substituents that contain branching 

e Naming polyfunctional compounds 

¢ Naming bicyclic compounds 


Naming Alkyl Substituents That Contain Branching 


Alkyl groups that contain any number of carbons and no branches are named as described in 
Section 4.4A: change the -ane ending of the parent alkane to the suffix -y/. Thus the seven-carbon 
alkyl group CH;CH,CH,CH,CH,CH,CH), — is called heptyl. 


When an alkyl substituent also contains branching, follow a stepwise procedure: 


[1] Identify the longest carbon chain of the alkyl group that begins ai the poini of attachment to 
the parent. Begin numbering at the point of attachment and use the suffix -y/ to indicate an 


alkyl group. 
pru jaiai 
{ 2 4 2 4 
| Start numbering here. | Start numbering here. | 
4 C’s in the chain- -- > butyl group 5 C's in the chain- --— > pentyl group 


[2] Name all branches off the main alkyl chain and use the numbers from Step [1] to designate 


their location. 
ig groups at C1 and C3 


p methyl group at C3 Aan 
A É INN" 


4 
3-methylbuty| 1,3-dimethylpenty! 
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[3] Set the entire name of the substituent in parentheses, and alphabetize this substituent name 
by the first letter of the complete name. 


“Sa 


C1 of the six-membered ring 


(3-methylbutyl)cyclohexane 1-(1,3-dimethylpenty!)-2-methylcyclohexane 


e Alphabetize the d of dimethylpenty| before the m of methyl. 
e Number the ring to give the lower number to the first substituent 
alphabetically: place the dimethylpentyl group at C1. | 


Naming Polyfunctional Compounds 


Many organic compounds contain more than one functional group. When one of those functional 
groups is halo (X—) or alkoxy (RO~), these groups are named as substituents as described in 
Sections 7.2 and 9.3B. To name other polyfunctional compounds, we must learn which functional 
group is assigned a higher priority in the rules of nomenclature. Two steps are usually needed: 


[1] Name a compound using the suffix of the highest priority group, and name other func- 
tional groups as substituents. Table B.1 lists the common functional groups in order of 
decreasing priority, as well as the prefixes needed when a functional group must be named 
as a substituent. 

[2] Number the carbon chain to give the lower number to the highest priority functional group 
that can be named as a suffix, and then follow all other rules of nomenclature. Examples are 
shown in Figure B.1. 


< 


Table B.1 Summary of Functional Group Nomenclature 


Functional group Suffix Substituent name (prefix) 
Carboxylic acid -oic acid carboxy 

Ester -oate alkoxycarbonyl 

Amide -amide amido 

Nitrile -nitrile cyano 

Aldehyde -al oxo (= 0) or formyl (— CHO) 
Ketone -one Oxo 

Alcohol -ol hydroxy 

Amine -amine amino 

Alkene -ene alkenyl 

Alkyne -yne alkynyl 

Alkane -ane alkyl 

Ether - alkoxy 

Halide — halo 


Polyfunctional compounds that contain C—C double and triple bonds have characteristic suffixes 
to identify them, as shown in Table B.2. The higher priority functional group is assigned the lower 
number. 
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Figure B.1 NH 


2 CN 
Examples of nomenclature of B24 highest priority priory 
polyfunctional compounds | hig priorit 
COOH higher priority 


PPEP a A o-cyanobenzoic acid 


Name as a derivative of an aldehyde since Name as a derivative of benzoic acid since 
CHO is the highest priority functional group. COOH is the higher priority functional group. 


a highest priority 
“higher priority priority 
1`OCH; 


methyl 4-oxohexanoate a a a 


Name as a derivative of an ester since Name as a derivative of an amide since 
COOR is the higher priority functional group. CONH; is the highest priority functional group. 


Table B.2 Naming Polyfunctional Compounds with C-C Double and Tripli Bonds 


Functional groups Suffix Example 


C=C and OH enol | Start numbering here. 


k baai 


5-methyl-4-hexen-1-ol 


C=C + C=O (ketone) enone Start numbering hare 
(} 
a ae 
a 


(4E)-4-hepten-3-one 


C=C +026 sel | Start numbering here. 


HC=ÆCCHCH2CH=CH; 
1-hexen-5-yne 


Naming Bicyclic Compounds 


Bicyclic ring systems—compounds that contain two rings that share one or two carbon atoms— 
can be bridged, fused, or spiro. 


A CO 00 


bridged ring fused ring spiro ring 


e A bridged ring system contains two rings that share two non-adjacent carbons. 
e A fused ring system contains two rings that share a common carbon-carbon bond. 
e A spiro ring system contains two rings that share one carbon atom. 
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Fused and bridged ring systems are named as bicyclo[x.y.z]alkanes, where the parent alkane 
corresponds to the total number of carbons in both rings. The numbers x, y, and z refer to the 
number of carbons that join the shared carbons together, written in order of decreasing size. For 
a fused ring system, z always equals zero, because the two shared carbons are directly joined 
together. The shared carbons in a bridged ring system are called the bridgehead carbons. 


Ç <«— 1 C joining the bridgehead C’s 


Cc 
cf C, | <— 3 C's joining the bridgehead C's 
Cc 
8 C's in the ring system 
| 
| 
H Name: bicyclo[3.2.1]octane 
bicyclooctane 


CO i t 
| | <—4C’s joining the common C’s 
DS 
ei PE 


No C's join the shared C’s at the ring fusion. 


2 C’s joining the bridgehead C's 


10 C’s in the ring system 
I 


H Name: bicyclo[4.4.0]decane 


bicyclodecane 


4 C’s joining the common C’s 


Rings are numbered beginning at a shared carbon, and continuing around the longest bridge 


first, then the next longest, and so forth. 
7 Start numbering here. | 
1 


4 3 


3,3-dimethylbicyclo[3.2.1]octane 7,7-dimethylbicyclo[2.2.1]heptane 


Spiro ring systems are named as spiro[x.y]alkanes where the parent alkane corresponds to the 
total number of carbons in both rings, and x and y refer to the number of carbons that join the 
shared carbon (the spiro carbon), written in order of increasing size. When substituents are pres- 
ent, the rings are numbered beginning with a carbon adjacent to the spiro carbon in the smaller 
ring. 


5 3 
OX? Ox 
TCO Start numbering here. 
10 C’s in the ring system 8 C's in the ring system 


Name: spiro[4.5]decane Name: 2-methylspiro[3.4Joctane 
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Bond Dissociation Energies 
for Some Common Bonds 


[A-B > A. + -B] 


Bond 
H-Z bonds 


H-F 
H-Cl 
H-Br 
H-I 
H-OH 


Z-Z bonds 


H-H 
F-F 
Cl-Cl 
Br—Br 
I-I 

HO -OH 


R-—H bonds 


CH -H 
CHgCH2—H 
CH3CH2CH, -H 
(CH3)2CH -H 
(CHa)aC - H 
CH2=CH-H 
HC=C-H 
CH= CHCH; -H 
CeHs5 -H 
CeHs5CH2 -H 
R-R bonds 
CH; - CH3 
CH3- CHCH; 
CH3- CH=CH, 
CH3-C=CH 


AH? kJ/mol 


569 
431 
368 
297 
498 


435 


410 


(kcal/mol) 


Bond 
R-X bonds 


CH,-F 
CH3-Cl 
CH3- Br 
CH;-I 
CH3CH2 -F 
CH3CHp2 - Cl 
CH3CH2 — Br 
CH3CH2 -I 
(CH3)2CH -F 
(CHg)2CH - Cl 
(CHg)2CH — Br 
(CHz)2CH -I 
(CH3)3C -F 
(CHs)3C — Cl 
(CHs)3C — Br 
(CHz)3C — I 


R-OH bonds 


CH3- OH 
CHCH- OH 
CH3CH,CH,— OH 
(CH;)2CH-OH 
(CHs)3C - OH 


Other bonds 


CH2 = CH2 
HC=CH 

O=C=0 
O2 


AH? kJ/mol 


209 


388 
401 


635 
837 
535 
497 


(kcal/mol) 


(109) 
(84) 
(70) 
(56) 

(107) 
(81) 
(68) 
(53) 

(106) 
(80) 
(68) 
(53) 

(106) 
(79) 
(65) 
(50) 


(93) 
(94) 
(92) 
(96) 
(96) 


(152) 
(200) 
(128) 
(119) 


Reactions That Form 
Carbon-—Carbon Bonds 


Section 
11.11A 
11.11B 
15.14 
16.12 
18.5 
18.5 
20.10 
20.13A 
20.13A 
20.13B 
20.14A 
20.14B 
20.15 
21.9 
21.10 
22.18 
22.18C 
23.8 
23.9 
23.10 
24.1 


24.2 
24.3 
24.5 
24.6 
24.7 
24.8 
24.9 
25.14 
26.1 
26.2 
26.3 
26.4 
26.5 
26.6 
27.3 
27.4 
27.5 
28.10B 
29.2B 
29.2C 
31.2 
31.4 
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Reaction 

Sy2 reaction of an alkyl halide with an acetylide anion, “C =CR 

Opening of an epoxide ring with an acetylide anion, C=CR 

Radical polymerization of an alkene 

Diels-Alder reaction 

Friedel-Crafts alkylation 

Friedel-Crafts acylation 

Reaction of an aldehyde or ketone with a Grignard or organolithium reagent 
Reaction of an acid chloride with a Grignard or organolithium reagent 
Reaction of an ester with a Grignard or organolithium reagent 

Reaction of an acid chloride with an organocuprate reagent 

Reaction of a Grignard reagent with CO. 

Reaction of an epoxide with an organometallic reagent 

Reaction of an «,B-unsaturated carbonyl compound with an organocuprate reagent 
Cyanohydrin formation 

Wittig reaction to form an alkene 

Sy2 reaction of an alkyl halide with NaCN 

Reaction of a nitrile with a Grignard or organolithium reagent 

Direct enolate alkylation using LDA and an alkyl halide 

Malonic ester synthesis to form a carboxylic acid 

Acetoacetic ester synthesis to form a ketone 

Aldol reaction to form a B-hydroxy carbonyl compound or an o,B-unsaturated 
carbonyl compound 

Crossed aldol reaction 

Directed aldol reaction 

Claisen reaction to form a B-keto ester 

Crossed Claisen reaction to form a B-dicarbonyl compound 

Dieckmann reaction to form a tive- or six-membered ring 

Michael reaction to form a 1,5-dicarbony! compound 

Robinson annulation to form a 2-cyclohexenone 

Reaction of a diazonium salt with CuCN 

Coupling of an organocuprate reagent (ReCuLi) with an organic halide (R'X) 
The palladium-catalyzed Suzuki reaction of an organic halide with an organoborane 
The palladium-catalyzed Heck reaction of a vinyl or aryl halide with an alkene 
Addition of a dihalocarbene to an alkene to form a cyclopropane 
Simmons-Smith reaction of an alkene with CHI; and Zn(Cu) to form a cyclopropane 
Olefin metathesis 

Electrocyclic reactions 

Cycloaddition reactions 

Sigmatropic rearrangements 

Kiliani-Fischer synthesis of an aldose 

Alkylation of diethyl acetamidomalonate to form an amino acid 

Strecker synthesis of an amino acid 

Chain-growth polymerization 

Polymerization using Ziegler-Natta catalysts 
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Characteristic IR Absorption 


Frequencies 
Bond Functional group 
O-H 

e ROH 
e RCOOH 
N-H 
e RNH2 
¢ RəNH 
e RCONH:, RCONHR 
C-H 
. Cy=H 
© C-H 
e Cp- H 
* Csp2—H of RCHO 
C=C 
CEN 
C=0 
e RCOCI 
e (RCO):0 
e RCOOR 
e RCHO 
e RCO 
e RCO, conjugated 
e RCOOH 
e RCONH2, RCONHR, 
RCONR3 
C=C 
e Alkene 
è Arene 
C=N 


Wavenumber (cm?) 


3600-3200 
3500-2500 


3500-3300 
3500-3300 
3400-3200 


3300 
3150-3000 
3000-2850 
2830-2700 
2250 
2250 


1800 
1800, 1760 
1745-1735 


1730 
1715 


1680 
1710 
1680-1630 


1650 
1600, 1500 
1650 


Comment 


broad, strong 


very broad, strong 


two peaks 
one peak 


one or two peaks; N- H bending 
also observed at 1640 cm" 


sharp, often strong 
medium 

strong 

one or two peaks 
medium 

medium 


strong 


two peaks 


increasing ¥ with decreasing 
ring size 


increasing ¥ with decreasing 
ring size 


increasing V with decreasing 
ring size 


medium 
medium 


medium 


Characteristic NMR Absorptions 


'H NMR Absorptions 


Compound type 
Alcohol 
R-—O—H 
j 
a 


Aldehyde 


Alkane 
RCH; 
R2CH2 
RCH 

Alkene 

H 
Nc 2 
C=C sp? C-H 
/ 


\ C—H 
C=C allylic sp? C-H 
l Ñ 


Alkyl halide 
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Chemical shift (ppm) 


0.9-2.0 
~0.9 


~1.7 


4.5-6.0 


1.5-2.5 


4.0-4.5 


3.0-4.0 


2.7-4.0 


2.2-4.0 
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Compound type Chemical shift (ppm) 
Amide 
O 
Îl 
a7 osNeH 7.5-8.5 
| 
Amine 
iol di 0.5-5.0 
ji 
R-C-N— 2.3-3.0 
i 


Aromatic compound 


( \ sp? C-H 6.5-8 
l 
pa benzylic sp? C-H 1.5-2.5 


Carbonyl compound 


ie) 
li 


Kaai .0-2. 
“~~¢~ sp C-H on the a carbon 2.0-2.5 


Carboxylic acid 


O 
10-12 
R “OH 

Ether 

i 

R-C—O-R 3.4-4.0 
| 
13C NMR Absorptions 
Carbon type Structure Chemical shift (ppm) 
| 
Alkyl, sp? hybridized C E i 5-45 
| 
Alkyl, sp? hybridized C bonded to —O-Z 30-80 
t N, O, or X | 
Z=N, O, X 
Alkynyl, sp hybridized C —€=C— 65-100 
PE Lard 
Alkenyl, sp“ hybridized C P 100-140 
PAR f N 
Aryl, sp hybridized C = 120-150 
\ 

Carbonyl C c=0 160-210 


General Types 


APPENDIX 


of Organic Reactions 


Substitution Reactions 


[1] 


[2] 


[3] 


[4] 


[5] 


Nucleophilic substitution at an sp? hybridized carbon atom 


a. Alkyl halides (Chapter) REX] + No —> rf nu | + X 
j nucleophile 


b. Alcohols (Section 9.11) ROH! + HX ——> REx] + HO 


c. Ethers (Section 9.14) RŁOR' + HX —~> R+X + REx] + H0 
X=Brorl 
O z OH 
IN, 1] Nu [2] H2O ee f 
d. Epoxides (Section 9.15) asO—Cwn, Ht] A Ee “Soe, 
< . or / y 
HZ Nu 


Nu or Z = nucleophile (2) 


Nucleophilic acyl substitution at an sp” hybridized carbon atom 


Carboxylic acids and their 0 (0) 


derivatives (Chapter 22) 1 N =——> 6 p g 


ZOX 
= Z| nucleophile | | 


Z = OH, Cl, OCOR, 
OR', NR', 
Radical substitution at an sp? hybridized C- H bond 


Alkanes (Section 15.3) RtH| + x% =r Rtx] + HX 


Electrophilic aromatic substitution 


- — 

Aromatic compounds LH | NS LE | 

(Chapter 18) Cy me a l T Oe 

electrophile A 

Nucleophilic aromatic substitution 

Aromatic compounds X Nu 

(Chapter 18) ky par —<3 p g 
A nucleophile A 


X=F,Cl, Br, I 
A=Hor electron-withdrawing group 
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Elimination Reactions 


B Elimination at an sp° hybridized carbon atom 


a. Alkyl halides | | X Ff E 
(Chapter 8) —C-C— + B — C=C + H-Bt + X: 
| i i base a. 
eS new z bond 
b. Alcohols | L X g 
(Section 9.8) TE HA, Pre + HO 
| H OH | new r bond 
Addition Reactions 
[1] Electrophilic addition to carbon-carbon multiple bonds 
a. Alkenes N / l | 
(Chapter 10) C= + X-Y = —C-—C— 
Z y | l 
x Y 
b. Alkynes i Y 
(Section 11.6) —C=C— + X-Y — = 
X Y 
[2] Nucleophilic addition to carbon-oxygen multiple bonds 
Aldehydes and ketones Q LO OH 
(Chapter 21) JC. + Nù Sy. DRY y R—C—H(R') 
R^ H(A’) 


Z— 


nucleophile u 
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Functional Groups 


Acetals 


Reaction of an aldehyde or ketone with two equivalents of an alcohol (21.14) 


Acid chlorides 


Reaction of a carboxylic acid with thionyl chloride (22.10) 


Alcohols 


e 


Nucleophilic substitution of an alkyl halide with “OH or H,O (9.6) 

Hydration of an alkene (10.12) 

Hydroboration—oxidation of an alkene (10.16) 

Reduction of an epoxide with LiA]Hy, (12.6) 

Reduction of an aldehyde or ketone (20.4) 

Hydrogenation of an o,B-unsaturated carbonyl compound with H, + Pd-C (20.4C) 
Enantioselective reduction of an aldehyde or ketone with the chiral CBS reagent (20.6) 
Reduction of an acid chloride with LiAIH, (20.7) 

Reduction of an ester with LiAlH, (20.7) 

Reduction of a carboxylic acid with LiATH, (20.7) 

Reaction of an aldehyde or ketone with a Grignard or organolithium reagent (20.10) 
Reaction of an acid chloride with a Grignard or organolithium reagent (20.13) 
Reaction of an ester with a Grignard or organolithium reagent (20.13) 

Reaction of an organometallic reagent with an epoxide (20.14B) 


Aldehydes 


Hydroboration—oxidation of a terminal alkyne (11.10) 

Oxidative cleavage of an alkene with O; followed by Zn or (CH3)2S (12.10) 
Oxidation of a 1° alcohol with PCC (12.12) 

Oxidation of a 1° alcohol with HCrO,°, Amberlyst A-26 resin (12.13) 
Reduction of an acid chloride with LiAIH[OC(CH3)3]3 (20.7) 

Reduction of an ester with DIBAL-H (20.7) 

Hydrolysis of an acetal (21.14B) 

Hydrolysis of an imine or enamine (21.12B) 

Reduction of a nitrile (22.18B) 


Alkanes 


Catalytic hydrogenation of an alkene with H, + Pd-C (12.3) 
Catalytic hydrogenation of an alkyne with two equivalents of H, + Pd-C (12.5A) 
Reduction of an alkyl halide with LiAIH, (12.6) 
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Reduction of a ketone to a methylene group (CH,)—the Wolff—Kishner or Clemmensen 
reaction (18.15B) 


Protonation of an organometallic reagent with H,O, ROH, or acid (20.9) 
Coupling of an organocuprate reagent (R,CuLi) with an alkyl halide, R'X (26.1) 
Simmons-—Smith reaction of an alkene with CHI, and Zn(Cu) to form a cyclopropane (26.5) 


Alkenes 


Dehydrohalogenation of an alkyl halide with base (8.3) 

Dehydration of an alcohol with acid (9.8) 

Dehydration of an alcohol using POC]; and pyridine (9.10) 

B Elimination of an alkyl tosylate with base (9.13) 

Catalytic hydrogenation of an alkyne with H, + Lindlar catalyst to form a cis alkene (12.5B) 
Dissolving metal reduction of an alkyne with Na, NH; to form a trans alkene (12.5C) 
Wittig reaction (21.10) 

B Elimination of an o-halo carbonyl compound with LizCO3, LiBr, and DMF (23.7C) 
Hofmann elimination of an amine (25.12) 

Coupling of an organocuprate reagent (R,CuLi) with an organic halide, R'X (26.1) 

The palladium-catalyzed Suzuki reaction of a vinyl or ary! halide with a vinyl- or arylborane 
(26.2) 

The palladium-catalyzed Heck reaction of a vinyl or aryl halide with an alkene (26.3) 
Olefin metathesis (26.6) 


Alkyl halides 


Reaction of an alcohol with HX (9.11) 

Reaction of an alcohol with SOCH, or PBr, (9.12) 

Cleavage of an ether with HBr or HI (9.14) 

Hydrohalogenation of an alkene with HX (10.9) 

Halogenation of an alkene with X, (10.13) 

Hydrohalogenation of an alkyne with two equivalents of HX (11.7) 
Halogenation of an alkyne with two equivalents of X, (11.8) 
Radical halogenation of an alkane (15.3) 

Radical halogenation at an allylic carbon (15.10) 

Radical addition of HBr to an alkene (15.13) 

Electrophilic addition of HX to a 1,3-diene (16.10) 

Radical halogenation of an alkyl benzene (18.14) 

Halogenation & to a carbonyl group (23.7) 

Addition of a dihalocarbene to an alkene to form a dihalocyclopropane (26.4) 


Alkynes 


Dehydrohalogenation of an alkyl dihalide with base (11.5) 
Sy2 reaction of an alkyl halide with an acetylide anion, C=CR (11.11) 


Amides 


Reaction of an acid chloride with NH; or an amine (22.8) 

Reaction of an anhydride with NH3 or an amine (22.9) 

Reaction of a carboxylic acid with NH; or an amine and DCC (22.10) 
Reaction of an ester with NH; or an amine (22.11) 
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Amines 

Nucleophilic aromatic substitution (18.13) 

Reduction of a nitro group (18.15C) 

Reduction of an amide with LiAlH, (20.7B) 
Reduction of a nitrile (22.18B) 

Sn2 reaction using NH; or an amine (25.7A) 

Gabriel synthesis (25.7A) 

Reductive amination of an aldehyde or ketone (25.7C) 


Amino acids 
e Sy2 reaction of an o-halo carboxylic acid with excess NH3 (29.2A) 
¢ Alkylation of diethyl acetamidomalonate (29.2B) 
e Strecker synthesis (29.2C) 
¢ Enantioselective hydrogenation using a chiral catalyst (29.4) 


Anhydrides 
e Reaction of an acid chloride with a carboxylate anion (22.8) 
e Dehydration of a dicarboxylic acid (22.10) 


Aryl halides 
e Halogenation of benzene with X, + FeX; (18.3) 
e Reaction of a diazonium salt with CuCl, CuBr, HBF,, Nal, or KI (25.14A) 


Carboxylic acids 

Oxidative cleavage of an alkyne with ozone (12.11) 
Oxidation of a 1° alcohol with CrO; (or a similar er reagent), H,O, H,SO, (12.12B) 
Oxidation of an alkyl benzene with KMnO; (18.15A) 
Oxidation of an aldehyde (20.8) 

Reaction of a Grignard reagent with CO, (20.14A) 
Hydrolysis of a cyanohydrin (21.9) 

Hydrolysis of an acid chloride (22.8) 

Hydrolysis of an anhydride (22.9) 

Hydrolysis of an ester (22.11) 

Hydrolysis of an amide (22.13) 

Hydrolysis of a nitrile (22.18A) 

Malonic ester synthesis (23.9) 


Cyanohydrins 
¢ Addition of HCN to an aldehyde or ketone (21.9) 


1,2-Diols 
e Anti dihydroxylation of an alkene with a peroxyacid, followed by ring opening with “OH or 
H,0 (12.9A) 
¢ Syn dihydroxylation of an alkene with KMnO; or OsO, (12.9B) 


Enamines 
¢ Reaction of an aldehyde or ketone with a 2° amine (21.12) 


A-17 Appendix H How to Synthesize Particular Functional Groups 


Epoxides 
¢ Intramolecular Sy2 reaction of a halohydrin using base (9.6) 
¢ Epoxidation of an alkene with mCPBA (12.8) 
e Enantioselective epoxidation of an allylic alcohol with the Sharpless reagent (12.15) 


Esters 
¢ Sy2 reaction of an alkyl halide with a carboxylate anion, RCOO™ (7.19) 
e Reaction of an acid chloride with an alcohol (22.8) 
e Reaction of an anhydride with an alcohol (22.9) 
e Fischer esterification of a carboxylic acid with an alcohol (22.10) 


Ethers 
e Williamson ether synthesis—Sy2 reaction of an alkyl halide with an alkoxide, OR (9.6) 
¢ Reaction of an alkyl tosylate with an alkoxide, OR (9.13) 
e Addition of an alcohol to an alkene in the presence of acid (10.12) 


e Anionic polymerization of epoxides to form polyethers (31.3) 


Halohydrins 
e Reaction of an epoxide with HX (9.15) 
e Addition of X and OH to an alkene (10.15) 


Imine 
e Reaction of an aldehyde or ketone with a 1° amine (21.11) 


Ketones 

Hydration of an alkyne with H20, H,SO,, and HgSO, (11.9) 

Oxidative cleavage of an alkene with O; followed by Zn or (CH3)2S (12.10) 
Oxidation of a 2° alcohol with any Cr reagent (12.12, 12.13) 
Friedel-Crafts acylation (18.5) 

Reaction of an acid chloride with an organocuprate reagent (20.13) 


Hydrolysis of an imine or enamine (21.12B) 
Hydrolysis of an acetal (21.14B) 
Reaction of a nitrile with a Grignard or organolithium reagent (22.18C) 


Acetoacetic ester synthesis (23.10) 


Nitriles 
e Sn2 reaction of an alkyl halide with NaCN (7.19, 22.18) 
e Reaction of an aryl diazonium salt with CuCN (25.14A) 


Phenols 
e Reaction of an aryl diazonium salt with H,O (25.14A) 
e Nucleophilic aromatic substitution (18.13) 
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A 


Absolute configuration (Section 28.11): The exact three-dimensional 
arrangement of the stereogenic centers in a molecule. 

Acetal (Section 21.14): A compound having the general structure 
R,C(OR')s, where R = H, alkyl, or aryl. Acetals are used as protect- 
ing groups for aldehydes and ketones. 

Acetoacetic ester synthesis (Section 23.10): A stepwise method that 
converts ethyl acetoacetate into a ketone having one or two carbons 
bonded to the carbon. 

Acetylation (Section 22.9): A reaction that transfers an acetyl group 
(CH3,CO—) from one atom to another. 

Acetyl coenzyme A (Section 22.17): A biochemical thioester that acts 
as an acetylating reagent. Acetyl coenzyme A is often referred to 
as acetyl CoA. 

Acetyl group (Section 21.2E): A substituent having the structure 
-COCH3. 

Acetylide anion (Sections 11.11, 20.9B): An anion formed by treat- 
ing a terminal alkyne with a strong base. Acetylide anions have the 
general structure R- C=C. 

Achiral molecule (Section 5.3): A molecule that is superimposable 
upon its mirror image. An achiral molecule is not chiral. 

Acid chloride (Sections 20.1, 22.1): A compound having the general 
structure RCOCI. 

Acidity constant (Section 2.3): A value symbolized by K, that repre- 
sents the strength of an acid (HA). The larger the K,, the stronger 
the acid. 


_ [H3O*AT] 
a” [H-A] 


Active site (Section 6.11): The region of an enzyme that binds the 
substrate. 

Acyclic alkane (Section 4.1): A compound with the general formula 
C,Hon +2. Acyclic alkanes are also called saturated hydrocarbons 
because they contain the maximum number of hydrogen atoms 
per carbon. 

Acylation (Sections 18.5A, 22.17): A reaction that transfers an acyl 
group from one atom to another. 

Acyl chloride (Section 18.5A): A compound having the general struc- 
ture RCOCI. Acyl chlorides are also called acid chlorides. 

Acyl group (Section 18.5A): A substituent having the general struc- 
ture RCO-. 

Acylium ion (Section 18.5B): A positively charged electrophile 
having the general structure (R-C=O)*, formed when the 
Lewis acid AlCl} ionizes the carbon—-halogen bond of an acid 
chloride. 

Acyl transfer reaction (Section 22.17): A reaction that transfers an 
acyl group from one atom to another. 

1,2-Addition (Sections 16.10, 20.15): An addition reaction to a conju- 
gated system that adds groups across two adjacent atoms. 


1,4-Addition (Sections 16.10, 20.15): An addition reaction that adds 
groups to the atoms in the 1 and 4 positions of a conjugated system. 
1,4-Addition is also called conjugate addition. 

Addition polymer (Section 31.1): A polymer prepared by a chain 
reaction that adds a monomer to the growing end of a polymer 
chain, Addition polymers are also called chain-growth polymers. 

Addition reaction (Sections 6.2C, 10.8): A reaction in which ele- 
ments are added to a starting material. In an addition reaction, a 7% 
bond is broken and two o bonds are formed. 

Aglycon (Section 28.7C): The alcohol formed from hydrolysis of a 
glycoside. 

Alcohol (Section 9.1): A compound having the general structure 
ROH. An alcohol contains a hydroxy group (OH group) bonded to 
an sp” hybridized carbon atom. 

Aldaric acid (Section 28.9B): The dicarboxylic acid formed by the 
oxidation of the aldehyde and the primary alcohol of an aldose. 
Aldehyde (Section 11.10): A compound having the general structure 

RCHO, where R = H, alkyl, or aryl. 

Alditol (Section 28.9A): A compound formed by the reduction of the 
aldehyde of an aldose to a primary alcohol. 

Aldol condensation (Section 24.1B): An aldol reaction in which the 
initially formed B-hydroxy carbonyl compound loses water by 
dehydration. 

Aldol reaction (Section 24.1A): A reaction in which two molecules 
of an aldehyde or ketone react with each other in the presence of 
base to form a B-hydroxy carbonyl compound. 

Aldonic acid (Section 28.9B): A compound formed by the oxidation 
of the aldehyde of an aldose to a carboxylic acid. 

Aldose (Section 28.2): A monosaccharide comprised of a polyhy- 
droxy aldehyde. 

Aliphatic (Section 3.2A); A compound or portion of a compound 
made up of C—C o and 7 bonds but not aromatic bonds. 

Alkaloid (Section 25.6A); A basic, nitrogen-containing compound 
isolated from a plant source. 

Alkane (Section 4.1): An aliphatic hydrocarbon having only C—C 
and C-H o bonds. 

Alkene (Section 8.2A): An aliphatic hydrocarbon that contains a 
carbon-carbon double bond. 

Alkoxide (Sections 8.1, 9.6): An anion having the general structure 
RO, formed by deprotonating an alcohol with a base. 

Alkoxy group (Section 9.3B): A substituent containing an alkyl group 
bonded to an oxygen (RO group). 

Alkylation (Section 23.8): A reaction that transfers an alkyl group 
from one atom to another. 

Alkyl group (Section 4.4A): A group formed by removing one hydro- 
gen from an alkane. Alkyl groups are named by replacing the suffix 
-ane of the parent alkane with -yl. 

Alkyl halide (Section 7.1): A compound containing a halogen atom 
bonded to an sp? hybridized carbon atom. Alkyl halides have the 
general molecular formula C,,H>,, + 1X. 
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1,2-Alkyl shift (Section 9.9): The rearrangement of a less stable car- 
bocation to a more stable carbocation by the shift of an alkyl group 
from one carbon atom to an adjacent carbon atom. 

Alkyl tosylate (Section 9.13): A compound having the general struc- 
ture ROSO,C,H4CH;3. Alkyl tosylates are also called tosylates and 
are abbreviated as ROTs. 

Alkyne (Section 8.10): An aliphatic hydrocarbon that contains a 
carbon-carbon triple bond. 

Allyl carbocation (Section 16.1B): A carbocation that has a positive 
charge on the atom adjacent to a carbon—carbon double bond. An 
allyl carbocation is resonance stabilized. 

Allyl group (Section 10.3C): A substituent having the structure 
—CH,—-CH=CH). 

Allylic bromination (Section 15.10A): A radical substitution reaction 
in which bromine replaces a hydrogen atom on the carbon adjacent 
to a carbon-carbon double bond. 

Allylic carbon (Section 15.10): A carbon atom bonded to a carbon- 
carbon double bond. 

Allylic halide (Section 7.1): A molecule containing a halogen atom 
bonded to the carbon atom adjacent to a carbon-carbon double 
bond. 

Allyl radical (Section 15.10): A radical that has an unpaired electron 
on the carbon adjacent to a carbon-carbon double bond. An allyl 
radical is resonance stabilized. 

Alpha (œ) carbon (Sections 8.1, 19.2B): In an elimination reaction, 
the carbon that is bonded to the leaving group. In a carbonyl com- 
pound, the carbon that is bonded to the carbonyl carbon. 

Ambident nucleophile (Section 23.3C): A nucleophile that has two 
reactive sites. 

Amide (Sections 20.1, 22.1): A compound having the general struc- 
ture RCONR}, where R' = H or alkyl. 

Amide base (Sections 8.10, 23.3B): A nitrogen-containing base 
formed by deprotonating an amine or ammonia. 

Amine (Sections 21.11, 25.1): A basic organic nitrogen compound 
having the general structure RNH>, R2NH, or R3N. An amine has 
a nonbonded pair of electrons on the nitrogen atom. 

a-Amino acid (Sections 19.14A, 29.1): A compound having the gen- 
eral structure RCH(NH,)COOH. o-Amino acids are the building 
blocks of proteins. 

Amino acid residue (Section 29.5): The individual amino acids in 
peptides and proteins. 

Amino group (Section 25.3D): A substituent having the structure 
= N H3. 

&-Amino nitrile (Section 29.2C): A compound having the general 
structure RCH(NH,)C=N. 

Amino sugar (Section 28.14A): A carbohydrate that contains an NH 
group instead of a hydroxy group at a non-anomeric carbon. 

Ammonium salt (Section 25.1): A compound containing a positively 
charged nitrogen with four o bonds; for example, R4sN*X™. 

Angle strain (Section 4.11): An increase in the energy of a molecule 
resulting when the bond angles of the sp? hybridized atoms deviate 
from the optimum tetrahedral angle of 109.5°. 

Angular methyl group (Section 30.8A): A methyl group located at 
the ring junction of two fused rings of the steroid skeleton. 

Anhydride (Section 22.1): A compound having the general structure 
(RCO),0. 

Aniline (Section 25.3C): A compound having the structure CsHs;NH). 

Anion (Section 1.2): A negatively charged ion that results from a 
neutral atom gaining one or more electrons. 


Anionic polymerization (Section 31.2C): Chain-growth polymeriza- 
tion of alkenes substituted by electron-withdrawing groups that 
stabilize intermediate anions. 

Annulation (Section 24.9): A reaction that forms a new ring. 

Annulene (Section 17.8A): A hydrocarbon containing a single ring 
with alternating double and single bonds. 

& Anomer (Section 28.6): The stereoisomer of a cyclic monosaccha- 
ride in which the anomeric OH and the CHOH groups are trans. 
In a D monosaccharide, the hydroxy group on the anomeric carbon 
is drawn down. 

B Anomer (Section 28.6): The stereoisomer of a cyclic monosaccha- 
ride in which the anomeric OH and the CH,OH groups are cis. In 
a D monosaccharide, the hydroxy group on the anomeric carbon 
is drawn up. 

Anomeric carbon (Section 28.6): The stereogenic center at the hemi- 
acetal carbon of a cyclic monosaccharide. 

Antarafacial reaction (Section 27.4): A pericyclic reaction that 
occurs on opposite sides of the two ends of the 7 electron system. 

Anti addition (Section 10.8): An addition reaction in which the two 
parts of a reagent are added from opposite sides of a double bond. 

Antiaromatic compound (Section 17.7): An organic compound that 
is cyclic, planar, completely conjugated, and has 4n 1 electrons. 

Antibonding molecular orbital (Section 17.9A): A high-energy 
molecular orbital formed when two atomic orbitals of opposite 
phase overlap. 

Anti conformation (Section 4.10): A staggered conformation in 
which the two larger groups on adjacent carbon atoms have a 
dihedral angle of 180°. 


X 


XX 


X 


Anti dihydroxylation (Section 12.9A): The addition of two hydroxy 
groups to opposite faces of a double bond. 

Antioxidant (Section 15.12): A compound that stops an oxidation 
from occurring. 

Anti periplanar (Section 8.8A): In an elimination reaction, a geom- 
etry where the B hydrogen and the leaving group are on opposite 
sides of the molecule. 

Aromatic compound (Section 17.1): A planar, cyclic organic com- 
pound that has p orbitals on all ring atoms and a total of 4n +2 7 
electrons in the orbitals. 

Aryl group (Section 17.3D): A substituent formed by removing one 
hydrogen atom from an aromatic ring. 

Aryl halide (Sections 7.1, 18.3): A molecule such as CgHsX, contain- 
ing a halogen atom X bonded to an aromatic ring. 

Asymmetric carbon (Section 5.3): A carbon atom that is bonded 
to four different groups. An asymmetric carbon is also called a 
stereogenic center, a chiral center, or a chirality center. 

Asymmetric reaction (Sections 12.15, 20.6A, 29.4): A reaction 
that converts an achiral starting material into predominantly one 
enantiomer. 

Atactic polymer (Section 31.4): A polymer having the substituents 
randomly oriented along the carbon backbone of an elongated 
polymer chain. 

Atomic number (Section 1.1): The number of protons in the nucleus 
of an element. 


Atomic weight (Section 1.1): The weighted average of the mass of all 
isotopes of a particular element. The atomic weight is reported in 
atomic mass units (amu). 

Axial bonds (Section 4.12A): Bonds located above or below and per- 
pendicular to the plane of the chair conformation of cyclohexane. 
Three axial bonds point upwards (on the up carbons) and three 
axial bonds point downwards (on the down carbons). 


Azo compound (Section 25.15): A compound having the general 
structure RN=NR'. 


Backside attack (Section 7.11C): Approach of a nucleophile from the 
side opposite the leaving group. 

Barrier to rotation (Section 4.10): The energy difference between 
the lowest and highest energy conformations of a molecule. 

Base peak (Section 13.1): The peak in the mass spectrum having the 
greatest abundance value. 

Basicity (Section 7.8): A measure of how readily an atom donates its 
electron pair to a proton. 

Benedict’s reagent (Section 28.9B): A reagent for oxidizing alde- 
hydes to carboxylic acids using a Cu’* salt, forming brick-red 
CuO as a side product. 

Benzoyl group (Section 21.2E): A substituent having the structure 
—COC,Hs. 

Benzyl group (Section 17.3D): A substituent having the structure 
CeHsCH2-. 

Benzylic halide (Sections 7.1, 18.14): A compound such as 
CsHsCH2X, containing a halogen atom X bonded to a carbon that 
is bonded to a benzene ring. 

Benzyne (Section 18.13B): A reactive intermediate formed by elimi- 
nation of HX from an aryl halide. 

Beta (B) carbon (Sections 8.1, 19.2B): In an elimination reaction, 
the carbon adjacent to the carbon with the leaving group. In a 
carbonyl compound, the carbon located two carbons from the 
carbonyl carbon. 

Bimolecular reaction (Sections 6.9B, 7.10, 7.13A): A reaction in 
which the concentration of both reactants affects the reaction 
rate and both terms appear in the rate equation. In a bimolecular 
reaction, two reactants are involved in the only step or the rate- 
determining step. 

Biodegradable polymer (Section 31.9B): A polymer that can be 
degraded by microorganisms naturally present in the environment. 

Biomolecule (Section 3.9): An organic compound found in a biologi- 
cal system. 

Boat conformation of cyclohexane (Section 4.12B): An unstable 
conformation adopted by cyclohexane that resembles a boat. 
The instability of the boat conformation results from torsional 
strain and steric strain. The boat conformation of cyclohexane is 
30 kJ/mol less stable than the chair conformation. 


D 


Boiling point (Section 3.4A): The temperature at which molecules 
in the liquid phase are converted to the gas phase. Molecules with 
stronger intermolecular forces have higher boiling points. Boiling 
point is abbreviated as bp. 
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Bond dissociation energy (Section 6.4): The amount of energy 
needed to homolytically cleave a covalent bond. 

Bonding (Section 1.2): The joining of two atoms in a stable arrange- 
ment. Bonding is a favorable process that leads to lowered energy 
and increased stability. 

Bonding molecular orbital (Section 17.9A): A low-energy molecular 
orbital formed when two atomic orbitals of similar phase overlap. 

Bond length (Section 1.7A): The average distance between the cen- 
ters of two bonded nuclei. Bond lengths are reported in picometers 
(pm). 

Branched-chain alkane (Section 4.1A): An acyclic alkane that has 
alkyl substituents bonded to the parent carbon chain. 

Bridged ring system (Section 16.13D): A bicyclic ring system in 
which the two rings share non-adjacent carbon atoms. 

Bromination (Sections 10.13, 15.6, 18.3): The reaction of a com- 
pound with bromine. 

Bromohydrin (Section 10.15): A compound having a bromine and a 
hydroxy group on adjacent carbon atoms. 

Brønsted-Lowry acid (Section 2.1): A proton donor, symbolized by 
HA. A Brønsted-Lowry acid must contain a hydrogen atom. 

Brønsted-Lowry base (Section 2.1): A proton acceptor, symbolized 
by :B. A Brønsted-Lowry base must be able to form a bond to a 
proton by donating an available electron pair. 


C 


23C NMR spectroscopy (Section 14.1): A form of nuclear magnetic 
resonance spectroscopy used to determine the type of carbon 
atoms in a molecule. 

Cahn-Ingold-Prelog system of nomenclature (Section 5.6): The 
system of designating a stereogenic center as either R or S accord- 
ing to the arrangement of the four groups attached to the center. 

Carbamate (Sections 29.7, 31.6): A functional group containing a 
carbonyl group bonded to both an oxygen and a nitrogen atom. A 
carbamate is also called a urethane. 

Carbanion (Section 2.5D): An ion with a negative charge on a carbon 
atom. 

Carbene (Section 26.4): A neutral reactive intermediate having the 
general structure :CR,. A carbene contains a divalent carbon sur- 
rounded by six electrons, making it a highly reactive electrophile 
that adds to C—C double bonds. 

Carbinolamine (Section 21.7B): An unstable intermediate having a 
hydroxy group and an amine group on the same carbon. A carbi- 
nolamine is formed during the addition of an amine to a carbonyl 
group. 

Carbocation (Section 7.13C): A positively charged carbon atom. A 
carbocation is sp” hybridized and trigonal planar, and contains a 
vacant p orbital. 

Carbohydrate (Sections 21.17, 28.1): A polyhydroxy aldehyde or 
ketone or a compound that can be hydrolyzed to a polyhydroxy 
aldehyde or ketone. 

Carbonate (Section 31.6D): A compound having the general struc- 
ture (RO),C=O. 

Carbon backbone (Section 3.1): The C—C and C-H o bond frame- 
work that makes up the skeleton of an organic molecule. 

Carbon NMR spectroscopy (Section 14.1): A form of nuclear mag- 
netic resonance spectroscopy used to determine the type of carbon 
atoms in a molecule. 

Carbonyl group (Sections 3.2C, 11.9, 20.1): A functional group that 
contains a carbon—oxygen double bond (C=O). The polar carbon- 
oxygen bond makes the carbonyl carbon electrophilic. 
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Carboxy group (Section 19.1): A functional group having the struc- 
ture COOH, 

Carboxylate anion (Section 19.2C): An anion having the general 
structure RCOO’, formed by deprotonating a carboxylic acid with 
a Brgnsted—Lowry base. 

Carboxylation (Section 20.14): The reaction of an organometallic 
reagent with CO, to form a carboxylic acid after protonation. 

Carboxylic acid (Section 19.1): A compound having the general 
structure RCOOH. 

Carboxylic acid derivatives (Section 20.1): Compounds having 
the general structure RCOZ, which can be synthesized from car- 
boxylic acids. Common carboxylic acid derivatives include acid 
chlorides, anhydrides, esters, and amides. 

Catalyst (Section 6.10): A substance that speeds up the rate of a reac- 
tion, but is recovered unchanged at the end of the reaction and does 
not appear in the product. 

Catalytic hydrogenation (Section 12.3): A reduction reaction involving 
the addition of H; to a 7 bond in the presence of a metal catalyst. 
Cation (Section 1.2): A positively charged ion that results from a 

neutral atom losing one or more electrons. 

Cationic polymerization (Section 31.2C): Chain-growth polymer- 
ization of alkene monomers involving carbocation intermediates. 

CBS reagent (Section 20.6A): A chiral reducing agent formed by 
reacting an oxazaborolidine with BH;. CBS reagents predictably 
give one enantiomer as the major product of ketone reduction. 

Cephalin (Section 30.4A): A phosphoacylglycerol in which the phos- 
phodiester alkyl group is —CH,CH,NH;*. Cephalins are also 
called phosphatidylethanolamines. 

Chain-growth polymer (Section 31.1): A polymer prepared by a chain 
reaction that adds a monomer to the growing end of a polymer chain. 
Chain-growth polymers are also called addition polymers. 

Chain mechanism (Section 15.4A): A reaction mechanism that 
involves repeating steps. 

Chair conformation of cyclohexane (Section 4.12A): A stable con- 
formation adopted by cyclohexane that resembles a chair. The 
stability of the chair conformation results from the elimination of 
angle strain (all C-C—C bond angles are 109.5°) and torsional 
strain (all groups on adjacent carbon atoms are staggered). 


LT 


Chemical shift (Section 14.1B): The position of an absorption signal 
on the x axis in an NMR spectrum relative to the reference signal 
of tetramethylsilane. 

Chirality center (Section 5.3): A carbon atom bonded to four dif- 
ferent groups. A chirality center is also called a chiral center, a 
stereogenic center, and an asymmetric center. 

Chiral molecule (Section 5.3): A molecule that is not superimposable 
upon its mirror image. 

Chlorination (Sections 10.14, 15.5, 18.3): The reaction of a com- 
pound with chlorine. 

Chlorofluorocarbons (Sections 7.4, 15.9): Synthetic alkyl halides 
having the general molecular formula CF,Cl, - ,. Chlorofluo- 
rocarbons, abbreviated as CFCs, were used as refrigerants and 
aerosol propellants and contribute to the destruction of the ozone 
layer. 

Chlorohydrin (Section 10.15): A compound having a chlorine and a 
hydroxy group on adjacent carbon atoms. 

Chromate ester (Section 12.12A): An intermediate in the chromium- 
mediated oxidation of an alcohol having the general structure 
R-O-—CrO3H. 


s-Cis (Sections 16.6, 29.5B): The conformation of a 1,3-diene that 
has the two double bonds on the same side of the single bond that 
joins them. 

Cis isomer (Sections 4.13B, 8.2B): An isomer of a ring or double bond 
that has two groups on the same side of the ring or double bond. 
Claisen reaction (Section 24.5): A reaction between two molecules of 

an ester in the presence of base to form a B-keto ester. 

Claisen rearrangement (Section 27.5): A [3,3] sigmatropic rear- 
rangement of an unsaturated ether to a y,6-unsaturated carbonyl 
compound. 

œ Cleavage (Section 13.3B): A fragmentation in mass spectrometry 
that results in cleavage of a carbon-carbon bond. With aldehydes 
and ketones, œ cleavage results in breaking the bond between the 
carbonyl carbon and the carbon adjacent to it. With alcohols, a 
cleavage occurs by breaking a bond between an alkyl group and 
the carbon that bears the OH group. 

Clemmensen reduction (Section 18.15B): A method to reduce ary! 
ketones to alkyl benzenes using Zn(Hg) in the presence of a strong 
acid. 

Coenzyme (Section 12.13): A compound that acts with an enzyme to 
carry out a biochemical process. 

Combustion (Section 4.14B): An oxidation—reduction reaction, in 
which an alkane or other organic compound reacts with oxygen to 
form CO, and H,O, releasing energy. 

Common name (Section 4.6): The name of a molecule that was 
adopted prior to and therefore does not follow the IUPAC system 
of nomenclature. 

Compound (Section 1.2): The structure that results when two or more 
elements are joined together in a stable arrangement. 

Concerted reaction (Sections 6.3, 7.11B): A reaction in which all 
bond forming and bond breaking occurs in one step. 

Condensation polymer (Sections 22.16A, 31.1): A polymer formed 
when monomers containing two functional groups come together 
with loss of a small molecule such as water or HCl, Condensation 
polymers are also called step-growth polymers. 

Condensation reaction (Section 24.1B): A reaction in which a small 
molecule, often water, is eliminated during the reaction process. 

Condensed structure (Section 1.8A): A shorthand representation of 
the structure of a compound in which all atoms are drawn in but 
bonds and lone pairs are usually omitted. Parentheses are used to 
denote similar groups bonded to the same atom. 

Configuration (Section 5.2): A particular three-dimensional arrange- 
ment of atoms. 

Conformations (Section 4.9): The different arrangements of atoms 
that are interconverted by rotation about single bonds. 

Conjugate acid (Section 2.2): The compound that results when a base 
gains a proton in a proton transfer reaction. 

Conjugate addition (Sections 16.10, 20.15): An addition reaction 
that adds groups to the atoms in the 1 and 4 positions of a conju- 
gated system. Conjugate addition is also called 1,4-addition. 

Conjugate base (Section 2.2): The compound that results when an 
acid loses a proton in a proton transfer reaction. 

Conjugated diene (Section 16.1A): A compound that contains two 
carbon-carbon double bonds joined by a single o bond. Pi (7) 
electrons are delocalized over both double bonds. Conjugated 
dienes are also called 1,3-dienes. 

Conjugated protein (Section 29.10C): A structure composed of a 
protein unit and a non-protein molecule. 

Conjugation (Section 16.1): The overlap of p orbitals on three or 
more adjacent atoms. 


Conrotatory rotation (Section 27.3): Rotation of p orbitals in the 
same direction during electrocyclic ring closure or ring opening. 

Constitutional isomers (Sections 1.4, 4.1A, 5.2): Two compounds 
that have the same molecular formula, but differ in the way the 
atoms are connected to each other. Constitutional isomers are also 
called structural isomers. 

Coordination polymerization (Section 31.4): A polymerization 
reaction that uses a homogeneous catalyst that is soluble in the 
reaction solvents typically used. 

Cope rearrangement (Section 27.5): A [3,3] sigmatropic Teaitange- 
ment of a 1,5-diene to an isomeric 1,5-diene. 

Copolymer (Section 31.2D): A polymer prepared by joining two or 
more different monomers together. 

Core electrons (Section 1.1): The electrons in the inner shells of 
orbitals. Core electrons are not usually involved in the chemistry 
of a particular element. 

Counterion (Section 2.1): An ion that does not take part in a reaction 
and is opposite in charge to the ion that does take part in the reac- 
tion. A counterion is also called a spectator ion. 

Coupling constant (Section 14.6A): The frequency difference, mea- 
sured in Hz, between the peaks in a split NMR signal. 

Coupling reaction (Section 25.15): A reaction that forms a bond 
between two discrete molecules. 

Covalent bond (Section 1.2): A bond that results from the sharing of 
electrons between two nuclei. A covalent bond is a two-electron 
bond. 

Crossed aldol reaction (Section 24.2): An aldol reaction in which the 
two reacting carbonyl compounds are different. A crossed aldol 
reaction is also called a mixed aldol reaction. 

Crossed Claisen reaction (Section 24.6): A Claisen reaction in which 
the two reacting esters are different. 

Crown ether (Section 3.7B): A cyclic ether containing multiple oxy- 
gen atoms. Crown ethers bind specific cations depending on the 
size of their central cavity. 

Curved arrow notation (Section 1.6A): A convention that shows the 
movement of an electron pair. The tail of the arrow begins at the 
electron pair and the head points to where the electron pair moves. 

Cyanide anion (Section 21.9A): An anion having the structure 
“CEN. 

Cyano group (Section 22.1): A functional group consisting of a 
carbon-nitrogen triple bond (C=N). 

Cyanohydrin (Section 21.9): A compound having the general struc- 
ture RCH(OH)CEN. A cyanohydrin results from the addition of 
HCN across the carbonyl of an aldehyde or a ketone. 

Cycloaddition (Section 27.1): A pericyclic reaction between two 
compounds with x bonds to form a cyclic product with two new 
© bonds. 

Cycloalkane (Sections 4.1, 4.2): A compound that contains carbons 
joined in one or more rings. Cycloalkanes with one ring have the 
general formula C,,H3,,. 

Cyclopropanation (Section 26.4): An addition reaction to a carbon— 
carbon double bond that forms a cyclopropane. 
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p-Sugar (Section 28.2C): A sugar with the hydroxy group on the 
stereogenic center farthest from the carbonyl on the right side in 
the Fischer projection formula. 
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Decalin (Section 30.8A): Two fused six-membered rings. cis- 
Decalin has the hydrogen atoms at the ring fusion on the same side 
of the rings, whereas trans-decalin has the hydrogen atoms at the 
ring fusion on opposite sides of the rings. 


99 


H H 
cis trans 


Decarboxylation (Section 23.9A): Loss of CO, through cleavage of 
a carbon-carbon bond. 

Degenerate orbitals (Section 17.9B): Orbitals (either atomic or 
molecular) having the same energy. 

Degree of unsaturation (Section 10.2): A ring or a n bond in a mol- 
ecule. The number of degrees of unsaturation compares the num- 
ber of hydrogens in a compound to that of a saturated hydrocarbon 
containing the same number of carbons. 

Dehydration (Sections 9.8, 22.10B): A reaction that results in the loss 
of the elements of water from the reaction components. 

Dehydrohalogenation (Section 8.1): An elimination reaction in 
which the elements of hydrogen and halogen are lost from a start- 
ing material. 

Delta (ô) scale (Section 14.1B): A common scale of chemical 
shifts used in NMR spectroscopy in which the absorption due to 
tetramethylsilane (TMS) occurs at zero parts per million. 

Deoxy (Section 28.14B): A prefix that means without oxygen. 

Deoxyribonucleoside (Section 28.14B): An N-glycoside formed by 
the reaction of p-2-deoxyribose with certain amine heterocycles. 

Deoxyribonucleotide (Section 28.14B); A DNA building block hav- 
ing a deoxyribose and either a purine or pyrimidine base joined 
together by an N-glycosidic linkage, and a phosphate bonded to a 
hydroxy group of the sugar nucleus. 

Deprotection (Section 20.12): A reaction that removes a protecting 
group, regenerating a functional group. 

Deshielding effects (Section 14.3A): An effect in NMR caused by 
a decrease in electron density, thus increasing the strength of the 
magnetic field felt by the nucleus. Deshielding shifts an absorp- 
tion downfield. 

Dextrorotatory (Section 5.12A): Rotating plane-polarized light in 
the clockwise direction. The rotation is labeled d or (+). 

1,3-Diacid (Section 23.9A): A compound containing two carboxylic 
acids separated by a single carbon atom. 1,3-Diacids are also 
called B-diacids. 

Dialkylamide (Section 23.3B): An amide base having the general 
structure R,N’. 

Diastereomers (Section 5.7): Stereoisomers that are not mirror 
images of each other. Diastereomers have the same R, S designation 
for at least one stereogenic center and the opposite R,S designation 
for at least one of the other stereogenic centers. 

Diastereotopic protons (Section 14.2C): Two hydrogen atoms on the 
same carbon such that substitution of either hydrogen with a group 
Z forms diastereomers. The two hydrogen atoms are not equivalent 
and give two NMR signals. 

1,3-Diaxial interaction (Section 4.13A): A steric interaction between 
two axial substituents of the chair form of cyclohexane. Larger 
axial substituents create unfavorable 1,3-diaxial interactions, 
destabilizing a cyclohexane conformation. 
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Diazonium salt (Section 25.13A): An ionic salt having the general 
structure (R-N=N)'CI. 

Diazotization reaction (Section 25.13A): A reaction that converts 1° 
alkylamines and arylamines to diazonium salts. 

1,3-Dicarbonyl compound (Section 23.2): A compound containing 
two carbonyl groups separated by a single carbon atom. 

1,4-Dicarbonyl compound (Section 24.4): A dicarbonyl compound 
in Which the carbonyl groups are separated by three single bonds, 
1,4-Dicarbonyl compounds can undergo intramolecular reactions 
to form five-membered rings. 

1,5-Dicarbonyl compound (Section 24.4): A dicarbonyl compound 
in which the carbonyl groups are separated by four single bonds. 
1,5-Dicarbonyl compounds can undergo intramolecular reactions 
to form six-membered rings. 

Dieckmann reaction (Section 24.7): An intramolecular Claisen 
reaction of a diester to form a ring, typically a five- or six- 
membered ring. 

Diels-Alder reaction (Section 16.12): An addition reaction 
between a 1,3-diene and a dienophile to form a cyclohexene 
ring. 

1,3-Diene (Section 16.1A): A compound containing two carbon— 
carbon double bonds joined by a single o bond. Pi (r) electrons 
are delocalized over both double bonds, 1,3-Dienes are also called 
conjugated dienes. 

Dienophile (Section 16,12): The alkene component in a Diels—Alder 
reaction that reacts with a 1,3-diene. 

Dihedral angle (Section 4.9): The angle that separates a bond on one 
atom from a bond on an adjacent atom. 

Dihydroxylation (Section 12.9): Addition of two hydroxy groups to 
a double bond to form a 1,2-diol. 

Diol (Section 9.3A); A compound possessing two hydroxy groups. 
Diols are also called glycols. 

Dipeptide (Section 29.5): Two amino acids joined together by one 
amide bond. 

Diplusphate (Section 30.75): A good leaving group that is often used 
in biological systems. Diphosphate is abbreviated as OPP. 

Dipole (Section 1.12): A separation of electronic charge. 

Dipole—dipole interaction (Section 3.3B): An attractive intermolecu- 
lar interaction between the permanent dipoles of polar molecules. 
The dipoles of adjacent molecules align so that the partial positive 
and partial negative charges are in close proximity. 

Directed aldol reaction (Section 24.3); A crossed aldol reaction in 
which the enolate of one carbonyl compound is formed, followed 
by addition of the second carbonyl compound. 

Disaccharide (Section 28.12): A carbohydrate containing two mono- 
saccharide units joined together by a glycosidic linkage. 

Disproportionation (Section 31.2): A method of chain termination in 
radical polymerization involving the transfer of a hydrogen atom 
from one polymer radical to another, forming a new C—H bond on 
one polymer chain and a new double bond on the other. 

Disrotatory rotation (Section 27.3): Rotation of p orbitals in oppo- 
site directions during electrocyclic ring closure or ring opening. 

Dissolving metal reduction (Section 12.2): A reduction reaction 
using alkali metals as a source of electrons and liquid ammonia as 
a source of protons. 

Disubstituted alkene (Section 8.2A): An alkene that has two alkyl 
groups and two hydrogens bonded to the carbons of the double 
bond (R,C=CH, or RCH=CHR). 

Disulfide (Section 29.5C): A compound having the general structure 
RSSR', often formed between the side chain of two cysteine 
residues. 


Diterpene (Section 30.7A): A terpene that contains 20 carbons and 
four isoprene units. A diterpenoid contains at least one oxygen 
atom as well. 

Doublet (Section 14.6): An NMR signal that is split into two peaks of 
equal area, caused by one nearby nonequivalent proton, 

Doublet of doublets (Section 14.8): A splitting pattern of four peaks 
observed when a signal is split by two different nonequivalent 
protons. 

Downfield shift (Section 14.1B): In an NMR spectrum, a term used to 
describe the relative location of an absorption signal. A downfield 
shift means the signal is shifted to the left in the spectrum to higher 
chemical shift on the 6 scale. 
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E,Z System of nomenclature (Section 10.3B): A system for unam- 
biguously naming alkene stereoisomers by assigning priorities to 
the two groups on each carbon of the double bond. The E isomer 
has the two higher priority groups on opposite sides of the double 
bond, and the Z isomer has them on the same side. 

E1 mechanism (Sections 8.3, 8.6): An elimination mechanism that 
goes by a two-step process involving a carbocation intermediate. 
E1 is an abbreviation for “Elimination Unimolecular.” 

ElcB mechanism (Section 24.1B): A two-step elimination mecha- 
nism that goes by a carbanion intermediate. ElcB stands for 
“Elimination Unimolecular, Conjugate Base.” 

E2 mechanism (Sections 8.3, 8.4): An elimination mechanism that 
goes by a one-step concerted process, in which both reactants are 
involved in the transition state. E2 is an abbreviation for “Elimina- 
tion Bimolecular.” 

Eclipsed conformation (Section 4.9): A conformation of a molecule 
where the bonds on one carbon are directly aligned with the bonds 
on the adjacent carbon. 
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Edman degradation (Section 29.6B): A procedure used in peptide 
sequencing in which amino acids are cleaved one at a time from 
the N-terminal end, the identity of the amino acid determined, and 
the process repeated until the entire sequence is known. 

Eicosanoids (Section 30.6): A group of biologically active com- 
pounds containing 20 carbon atoms derived from arachidonic acid. 

Elastomer (Section 31.5): A polymer that stretches when stressed but 
then returns to its original shape. 

Electrocyclic ring closure (Section 27.1): An intramolecular peri- 
cyclic reaction that forms a cyclic product containing one more O 
bond and one fewer 7 bond than the reactant. 

Electrocyclic ring-opening reaction (Section 27.1): A pericyclic 
reaction in which a o bond of a cyclic reactant is cleaved to form 
a conjugated product with one more r bond. 

Electromagnetic radiation (Section 13.5): Radiant energy having 
dual properties of both waves and particles. The electromagnetic 
spectrum contains the complete range of electromagnetic radia- 
tion, arbitrarily divided into different regions. 

Electron-donating inductive effect (Section 7.14A): An induc- 
tive effect in which an electropositive atom or polarizable group 
donates electron density through o bonds to another atom. 

Electronegativity (Section 1.12): A measure of an atom’s attraction 
for electrons in a bond. Electronegativity indicates how much a 
particular atom “wants” electrons. 


Electron-withdrawing inductive effect (Sections 2.5, 7.14A): An 
inductive effect in which a nearby electronegative atom pulls elec- 
tron density towards itself through © bonds. 

Electrophile (Section 2.8): An electron-deficient compound, often 
symbolized by E*, which can accept a pair of electrons from an 
electron-rich compound, forming a covalent bond. Lewis acids are 
electrophiles. 

Electrophilic addition reaction (Section 10.9): An addition reaction 
in which the first step of the mechanism involves addition of the 
electrophilic end of a reagent to a r bond. 

Electrophilic aromatic substitution (Section 18.1): A characteris- 
tic reaction of benzene in which a hydrogen atom on the ring is 
replaced by an electrophile. 

Electrospray ionization (Section 13.4C): A method for ionizing 
large biomolecules in a mass spectrometer. Electrospray ionization 
is abbreviated as ESI. 

Electrostatic potential map (Section 1.12): A color-coded map 
that illustrates the distribution of electron density in a molecule. 
Electron-rich regions are indicated in red and electron-deficient 
regions are indicated in blue. Regions of intermediate electron 
density are shown in orange, yellow, and green. 

o Elimination (Section 26.4): An elimination reaction involving the 
loss of two elements from the same atom. 

B Elimination (Section 8.1): An elimination reaction involving the 
loss of elements from two adjacent atoms. 

Elimination reaction (Sections 6.2B, 8.1): A chemical reaction in which 
elements of the starting material are “lost” and a = bond is formed. 

Enamine (Section 21.12): A compound having an amine nitrogen 
atom bonded to a carbon-carbon double bond [RxC=CH(NR’,)]. 

Enantiomeric excess (Section 5.12D): A measurement of how much 
one enantiomer is present in excess of the racemic mixture. Enan- 
tiomeric excess (ee) is also called optical purity; ee = % of one 
enantiomer — % of the other enantiomer. 

Enantiomers (Section 5.3): Stereoisomers that are mirror images but 
are not superimposable upon each other. Enantiomers have the 
exact opposite R,S designation at every stereogenic center. 

Enantioselective reaction (Sections 12.15, 20.6A, 29.4): A reaction 
that affords predominantly or exclusively one enantiomer. Enanti- 
oselective reactions are also called asymmetric reactions. 

Enantiotopic protons (Section 14.2C): Two hydrogen atoms on the 
same carbon such that substitution of either hydrogen with a group 
Z forms enantiomers. The two hydrogen atoms are equivalent and 
give a single NMR signal. 

Endo position (Section 16.13D): A position of a substituent on a 
bridged bicyclic compound in which the substituent is closer to 
the longer bridge that joins the two carbons common to both rings. 

Endothermic reaction (Section 6.4): A reaction in which the energy of 
the products is higher than the energy of the reactants. In an endo- 
thermic reaction, energy is absorbed and the AH” is a positive value. 

Energy diagram (Section 6.7): A schematic representation of the 
energy changes that take place as reactants are converted to prod- 
ucts. An energy diagram indicates how readily a reaction proceeds, 
how many steps are involved, and how the energies of the reac- 
tants, products, and intermediates compare. 

Energy of activation (Section 6.7): The energy difference between 
the transition state and the starting material. The energy of activa- 
tion, symbolized by E,, is the minimum amount of energy needed 
to break bonds in the reactants. 

Enolate (Sections 20.15, 23.3): A resonance-stabilized anion formed 
when a base removes an a hydrogen from the œ carbon to a car- 
bony! group. 
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Enol tautomer (Sections 9.1, 11.9, 20.15): A compound having a 
hydroxy group bonded to a carbon-carbon double bond. An enol 
tautomer [such as CH, =C(OH)CHs] is in equilibrium with its keto 
tautomer [(CH3),C =O]. 

Enthalpy change (Section 6.4): The energy absorbed or released in a 
reaction. Enthalpy change is symbolized by AH® and is also called 
the heat of reaction. 

Entropy (Section 6.6): A measure of the randomness in a system. The 
more freedom of motion or the more disorder present, the higher 
the entropy. Entropy is denoted by the symbol $°. 

Entropy change (Section 6.6); The change in the amount of disorder 
between reactants and products in a reaction, The entropy change 
is denoted by the symbol AS®. AS? = S° products — S° reactants: 

Enzyme (Section 6.11): A biochemical catalyst composed of at least 
one chain of amino acids held together in a very specific three- 
dimensional shape. 

Enzyme-substrate complex (Section 6.11): A structure having a 
substrate bonded to the active site of an enzyme. 

Epoxidation (Section 12.8): Addition of a single oxygen atom to an 
alkene to form an epoxide. 

Epoxide (Section 9.1): A cyclic ether having the oxygen atom as part 
of a three-membered ring. Epoxides are also called oxiranes. 

Epoxy resin (Section 31.6E): A step-growth polymer formed from a 
fluid prepolymer and a hardener that cross-links polymer chains 
together. 

Equatorial bonds (Section 4.12A): Bonds located in the plane of the 
chair conformation of cyclohexane (around the equator), Three 
equatorial bonds point slightly upward (on the down carbons) and 
three equatorial bonds point slightly downward (on the up carbons). 


iy a 


Equilibrium constant (Section 6.5A): A mathematical expression, 
denoted by the symbol Keq, which relates the amount of starting 
material and product at equilibrium. Keq = [products]/[starting 
materials}. 

Essential oil (Section 30.7): A class of terpenes isolated from plant 
sources by distillation. 

Ester (Sections 20.1, 22.1): A compound having the general structure 
RCOOR'. 

Esterification (Section 22.10C): A reaction that converts a carboxylic 
acid or a derivative of a carboxylic acid to an ester. 

Ether (Section 9.1): A functional group having the general structure 
ROR'. 

Ethynyl group (Section 11.2): An alkynyl substituent having the 
structure -C=C—H. 

Excited state (Sections 1.9B, 16.15A): A high-energy electronic state 
in which one or more electrons have been promoted to a higher 
energy orbital by absorption of energy. 

Exo position (Section 16.13D): A position of a substituent on a 
bridged bicyclic compound in which the substituent is closer to 
the shorter bridge that joins the two carbons common to both rings. 

Exothermic reaction (Section 6.4): A reaction in which the energy of 
the products is lower than the energy of the reactants. In an exo- 
thermic reaction, energy is released and the AH’ is a negative value. 

Extraction (Section 19.12): A laboratory method to separate and 
purify a mixture of compounds using solubility differences and 
acid-base principles. 
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Fat (Sections 10.6B, 30.3): A triacylglycerol that is solid at room 
temperature and composed of fatty acid side chains with a high 
degree of saturation. 

Fatty acid (Sections 10.6A, 19.6): A long-chain carboxylic acid hav- 
ing between 12 and 20 carbon atoms. 

Fehling’s reagent (Section 28.9B): A reagent for oxidizing aldehydes 
to carboxylic acids using a Cu% salt as an oxidizing agent, forming 
brick-red Cu,0 as a by-product. 

Fibrous proteins (Section 29.10): Long linear polypeptide chains that 
are bundled together to form rods or sheets. 

Fingerprint region (Section 13.6B): The region in an IR spectrum at 
< 1500 cm’. The region often contains a complex set of peaks and 
is unique for every compound. 

First-order rate equation (Sections 6.9B, 7.10): A rate equation in 
which the reaction rate depends on the concentration of only one 
reactant. 

Fischer esterification (Section 22.10C): An acid-catalyzed esterifi- 
cation reaction between a carboxylic acid and an alcohol to form 
an ester. 

Fischer projection formula (Section 28.2A): A method for repre- 
senting stereogenic centers with the stereogenic carbon at the 
intersection of vertical and horizontal lines. Fischer projections are 
also called cross formulas. 
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Fishhook (Section 6.3B): A half-headed curved arrow used in a reac- 
tion mechanism to denote the movement of a single electron. 

Flagpole hydrogens (Section 4.12B): Hydrogens in the boat confor- 
mation of cyclohexane that are on either end of the “boat” and are 
forced into close proximity to each other. 

Formai charge (Section 1.3C): The electronic charge assigned to 
individual atoms in a Lewis structure. The formal charge is cal- 
culated by subtracting an atom’s unshared electrons and half of 
its shared electrons from the number of valence electrons that a 
neutral atom would possess. 

Formyl group (Section 21.2E): A substituent having the structure 
—CHO. 

Four-centered transition state (Section 10.16): A transition state 
that involves four atoms. 

Fragment (Section 13.1): Radicals and cations formed by the decom- 
position of the molecular ion in a mass spectrometer. 

Freons (Sections 7.4, 15.9): Chlorofluorocarbons consisting of simple 
halogen-containing organic compounds that were once commonly 
used as refrigerants. 

Frequency (Section 13.5): The number of waves passing a point per 
unit time. Frequency is reported in cycles per second (s'), which 
is also called hertz (Hz). Frequency is abbreviated with the Greek 
letter nu (v). 

Friedel-Crafts acylation (Section 18.5A): An electrophilic aromatic 
substitution reaction in which benzene reacts with an acid chloride 
in the presence of a Lewis acid to give a ketone. 

Friedel-Crafts alkylation (Section 18.5A):; An electrophilic aro- 
matic substitution reaction in which benzene reacts with an alkyl 
halide in the presence of a Lewis acid to give an alkyl benzene, 

Frontside attack (Section 7.11C): Approach of a nucleophile from 
the same side as the leaving group. 

Full-headed curved arrow (Section 6.3B): An arrow used in a reac- 
tion mechanism to denote the movement of a pair of electrons. 


Functional group (Section 3.1): An atom or group of atoms with 
characteristic chemical and physical properties. The functional 
group is the reactive part of the molecule. 

Functional group interconversion (Section 11.12): A reaction that 
converts one functional group into another. 

Functional group region (Section 13.6B): The region in an IR spec- 
trum at > 1500 cm '. Common functional groups show one or two 
peaks in this region, at a characteristic frequency. 

Furanose (Section 28.6): A cyclic five-membered ring of a monosac- 
charide containing an oxygen atom. 

Fused ring system (Section 16.13D): A bicyclic ring system in which 
the two rings share one bond and two adjacent atoms. 
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Gabriel synthesis (Section 25.7A): A two-step method that converts 
an alkyl halide into a primary amine using a nucleophile derived 
from phthalimide. 

Gas chromatography (Section 13.4B): An analytical technique that 
separates the components of a mixture based on their boiling points 
and the rate at which their vapors travel through a column. 

Gauche conformation (Section 4.10): A staggered conformation 
in which the two larger groups on adjacent carbon atoms have a 
dihedral angle of 60°. 
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GC-MS (Section 13.4B): An analytical instrument that combines 
a gas chromatograph (GC) and a mass spectrometer (MS) in 
sequence. 

gem-Diol (Section 21.13): A compound having the general structure 
R,C(OH),. gem-Diols are also called hydrates. 

Geminal dihalide (Section 8.10). A compound ihat has two halogen 
atoms on the same carbon atom. 

Gibbs free energy (Section 6.5A): The free energy of a molecule. 
Gibbs free energy is denoted by the symbol G°. 

Gibbs free energy change (Section 6.5A): The overall energy differ- 
ence between reactants and products. The Gibbs free energy change 
is denoted by the symbol AG?. AG? = G° products — G° reactants: 

Globular proteins (Section 29.10): Polypeptide chains that are coiled 
into compact shapes with hydrophilic outer surfaces that make 
them water soluble. 

Glycol (Section 9.3A): A compound possessing two hydroxy groups. 
Glycols are also called diols. 

Glycosidase (Section 28.13B): An enzyme that hydrolyzes glycosidic 
linkages. An o-glycosidase hydrolyzes only glycosidic linkages. 

Glycoside (Section 28.7A): A monosaccharide with an alkoxy group 
bonded to the anomeric carbon. 

N-Glycoside (Section 28.14B): A monosaccharide containing a nitro- 
gen bonded to the anomeric carbon. 

Glycosidic linkage (Section 28.12): An acetal linkage formed 
between an OH group on one monosaccharide and the anomeric 
carbon on a second monosaccharide. 

Green chemistry (Sections 12.13, 31.8): The use of environmentally 
benign methods to synthesize compounds. 

Grignard reagent (Section 20.9): An organometallic reagent having 
the general structure RMgX. 

Ground state (Sections 1.9B, 16.15A): The lowest energy arrange- 
ment of electrons for an atom. 


Group number (Section 1.1): The number above a particular column 
in the periodic table. Group numbers are represented by either an 
Arabic (1 to 8) or Roman (I to VIII) numeral followed by the letter 
A or B. The group number of a second-row element is equal to the 
number of valence electrons in that element. 

Grubbs catalyst (Section 26.6): A widely used ruthenium catalyst for 
olefin metathesis that has the structure Cl,(Cy3P),Ru=CHPh. 
Guest molecule (Section 9.5B): A small molecule that can bind to a 

larger host molecule. 


H 


1H NMR spectroscopy (Section 14.1): A form of nuclear magnetic 
resonance spectroscopy used to determine the number and type 
of hydrogen atoms in a molecule. 'H NMR is also called proton 
NMR spectroscopy. 

Half-headed curved arrow (Section 6.3B): An arrow used in a reac- 
tion mechanism to denote the movement of a single electron. A 
half-headed curved arrow is also called a fishhook. 

a-Halo aldehyde or ketone (Section 23.7): An aldehyde or ketone 
with a halogen atom bonded to the carbon. 

Haloform reaction (Section 23.7B): A halogenation reaction of a 
methyl ketone (RCOCH3) with excess halogen, which results in 
formation of RCOO™ and CHX; (haloform). 

Halogenation (Sections 10.13, 15.3, 18.3): The reaction of a com- 
pound with a halogen. 

Halohydrin (Sections 9.6, 10.15): A compound that has a hydroxy 
group and a halogen atom on adjacent carbon atoms. 

Halonium ion (Section 10.13): A positively charged halogen atom. 
A bridged halonium ion contains a three-membered ring and is 
formed in the addition of a halogen (X3) to an alkene. 

Hammond postulate (Section 7.15): A postulate that states that the 
transition state of a reaction resembles the structure of the species 
(reactant or product) to which it is closer in energy. 

Haworth projection (Section 28.6A): A representation of the cyclic 
form of a monosaccharide in which the ring is drawn flat. 

Head-to-tail polymerization (Section 15.14B): A mechanism of 
radical polymerization in which the more substituted radical of 
the growing polymer chain always adds to the less substituted end 
of the new monomer. 

Heat of hydrogenation (Section 12.3A): The AH° of a catalytic 
hydrogenation reaction equal to the amount of energy released by 
hydrogenating a 7 bond. 

Heat of reaction (Section 6.4): The energy absorbed or released in a 
reaction. Heat of reaction is symbolized by AH” and is also called 
the change in enthalpy. 

Heck reaction (Section 26.3): The palladium-catalyzed coupling of 
a vinyl or aryl halide with an alkene to form a more highly substi- 
tuted alkene with a new carbon-carbon bond. 

o-Helix (Section 29.9B): A secondary structure of a protein formed 
when a peptide chain twists into a right-handed or clockwise spiral. 

Heme (Section 29.10C): A complex organic compound containing an 
Fe** ion coordinated with a porphyrin. 

Hemiacetal (Section 21.14A): A compound that contains an alkoxy 
group and a hydroxy group bonded to the same carbon atom. 

Hertz (Section 13.5): A unit of frequency measuring the number of 
waves passing a point per second. 

Heteroatom (Section 3.1): An atom other than carbon or hydrogen. 
Common heteroatoms in organic chemistry are nitrogen, oxygen, 
sulfur, phosphorus, and the halogens. 

Heterocycle (Section 9.3B): A cyclic compound containing a hetero- 
atom as part of the ring. 
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Heterolysis (Section 6.3A): The breaking of a covalent bond by 
unequally dividing the electrons between the two atoms in the 
bond. Heterolysis generates charged intermediates. Heterolysis is 
also called heterolytic cleavage. 

Hexose (Section 28.2): A monosaccharide containing six carbons. 

Highest occupied molecular orbital (Section 17.4B): The molecu- 
lar orbital with the highest energy that also contains electrons. 
The highest occupied molecular orbital is abbreviated as HOMO. 

High-resolution mass spectrometer (Section 13.4A): A mass spec- 
trometer that can measure mass-to-charge ratios to four or more 
decimal places. High-resolution mass spectra are used to deter- 
mine the molecular formula of a compound. 

Hofmann elimination (Section 25.12): An E2 elimination reaction 
that converts an amine into a quaternary ammonium salt as the 
leaving group. The Hofmann elimination gives the less substituted 
alkene as the major product. 

Homologous series (Section 4.1B): A group of compounds that differ 
by only a CH; group in the chain. 

Homolysis (Section 6,3A); The breaking of a covalent bond by 
equally dividing the electrons between the two atoms in the bond. 
Homolysis generates uncharged radical intermediates. Homolysis 
is also called homolytic cleavage. 

Homopolymer (Section 31.2D): A polymer prepared from a single 
monomer. 

Hooke’s law (Section 13.7): A physical law that can be used to cal- 
culate the frequency of a bond vibration from the strength of the 
bond and the masses of the atoms attached to it. 

Host-guest complex (Section 9,5B): The complex that is formed 
when a small guest molecule binds to a larger host molecule. 

Host molecule (Section 9.5B): A large molecule that can bind a 
smaller guest molecule. 

Hiickel’s rule (Section 17.7): A principle that states for a compound 
to be aromatic, it must be cyclic, planar, completely conjugated, 
and have 4n + 2 7 electrons. 

Hybridization (Section 1.9B): The mathematical combination of two 
or more atomic orbitals (having different shapes) to form the same 
number of hybrid orbitals (all having the same shape). 

Hybrid orbital (Section 1.9B): A new orbital that results from the 
mathematical combination of two or more atomic orbitals. The 
hybrid orbital is intermediate in energy compared to the atomic 
orbitals that were combined to form it. 

Hydrate (Sections 12.12B, 21.13): A compound having the general 
structure R,C(OH),. Hydrates are also called gem-diols. 

Hydration (Sections 10,12, 21.9A): Addition of the elements of water 
to a molecule. 

Hydride (Section 12.2): A negatively charged hydrogen ion (H:>). 

1,2-Hydride shift (Section 9.9): Rearrangement of a less stable car- 
bocation to a more stable carbocation by the shift of a hydrogen 
atom from one carbon atom to an adjacent carbon atom. 

Hydroboration (Section 10,16): The addition of the elements of 
borane (BH;3) to an alkene or alkyne. 

Hydrocarbon (Sections 3.2A, 4.1): A compound made up of only the 
elements of carbon and hydrogen. 

Hydrogen bonding (Section 3.3B): An attractive intermolecular 
interaction that occurs when a hydrogen atom bonded to an O, N, 
or F atom is electrostatically attracted to a lone pair of electrons on 
an O, N, or F atom in another molecule. 

Hydrogenolysis (Section 29.7): A reaction that cleaves a o bond 
using H; in the presence of a metal catalyst. 

a Hydrogens (Section 23.1): The hydrogen atoms on the carbon 
bonded to the carbonyl carbon atom (the œ carbon). 
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Hydrohalogenation (Section 10.9): An electrophilic addition of 
hydrogen halide (HX) to an alkene or alkyne. 

Hydrolysis (Section 21.9A): A cleavage reaction with water. 

Hydroperoxide (Section 15.11): An organic compound having the 
general structure ROOH. 

Hydrophilic (Section 3.4C): Attracted to water. The polar portion of a 
molecule that interacts with polar water molecules is hydrophilic. 

Hydrophobic (Section 3.4C): Not attracted to water. The nonpolar 
portion of a molecule that is not attracted to polar water molecules 
is hydrophobic. 

B-Hydroxy carbonyl compound (Section 24.1A): An organic com- 
pound having a hydroxy group on the carbon B to the carbonyl 
group. 

Hydroxy group (Section 9.1): The OH functional group. 

Hyperconjugation (Section 7.14B): The overlap of an empty p 
orbital with an adjacent o bond. 


Imide (Section 25.7A): A compound having a nitrogen atom between 
two carbonyl groups. 

Imine (Sections 21.7B, 21.11A): A compound with the general struc- 
ture R,C=NR’. Imines are also called Schiff bases. 

Iminium ion (Section 21.1 1A): A resonance-stabilized cation having 
the general structure (R2C=NR',)*, where R' = H or alkyl. 

Inductive effect (Sections 2.5B, 7.14A): The pull of electron density 
through o bonds caused by electronegativity differences of atoms, 

Infrared (IR) spectroscopy (Section 13.6): An analytical technique 
used to identify the functional groups in a molecule based on their 
absorption of electromagnetic radiation in the infrared region. 

Initiation (Section 15.4A): The initial step in a chain mechanism that 
forms a reactive intermediate by cleavage of a bond. 

Inscribed polygon method (Section 17.10): A method to predict 
the relative energies of cyclic, completely conjugated compounds 
to determine which molecular orbitals are filled or empty. The 
inscribed polygon is also called a Frost circle. 

Integration (Section 14.5): The area under an NMR signal that is 
proportional to the number of absorbing nuclei that give rise to 
the signal. 

Intermolecular forces (Section 3.3): The types of interactions that 
exist between molecules. Functional groups determine the type 
and strength of these forces. Intermolecular forces are also called 
noncovalent interactions or nonbonded interactions. 

Internal alkene (Section 10.1): An alkene that has at least one carbon 
atom bonded to each end of the double bond. 

Internal alkyne (Section 11.1): An alkyne that has one carbon atom 
bonded to each end of the triple bond. 

Inversion of configuration (Section 7.11C): The opposite relative 
stereochemistry of a stereogenic center in the starting material and 
product of a chemical reaction. In a nucleophilic substitution reac- 
tion, inversion results when the nucleophile and leaving group are 
in the opposite position relative to the three other groups on carbon. 

Iodoform test (Section 23.7B): A test for the presence of methyl 
ketones, indicated by the formation of the yellow precipitate, 
CHI}, via the haloform reaction, 

Tonic bond (Section 1.2): A bond that results from the transfer of elec- 
trons from one element to another. Ionic bonds result from strong 
electrostatic interactions between ions with opposite charges. The 
transfer of electrons forms stable salts composed of cations and 
anions. 


Ionophore (Section 3.7B): An organic molecule that can form a com- 
plex with cations so they may be transported across a cell mem- 
brane. Ionophores have a hydrophobic exterior and a hydrophilic 
central cavity that complexes the cation. 

Isocyanate (Section 31.6C): A compound having the general struc- 
ture RN=C=O. 

Isoelectric point (Sections 19.14C, 29.1A): The pH at which an 
amino acid exists primarily in its neutral zwitterionic form. Iso- 
electric point is abbreviated as pl. 

Isolated diene (Section 16.1A): A compound containing two carbon— 
carbon double bonds joined by more than one o bond. 

Isomers (Sections 1.4A, 4.1A, 5.1): Two different compounds that 
have the same molecular formula. 

Isoprene unit (Section 30.7): A five-carbon unit with four carbons 
in a row and a one-carbon branch on one of the middle carbons. 

Isotactic polymer (Section 31.4): A polymer having all the sub- 
stituents on the same side of the carbon backbone of an elongated 
polymer chain. 

Isotope (Section 1.1): Two or more atoms of the same element having 
the same number of protons in the nucleus but a different number 
of neutrons. Isotopes have the same atomic number but different 
mass numbers. 

IUPAC system of nomenclature (Section 4.3): A systematic method 
for naming compounds developed by the International Union of 
Pure and Applied Chemistry. 


K 


K, (Section 2.3): The symbol that represents the acidity constant of an 
acid HA. The larger the K,, the stronger the acid. 


_ [H0*][A:7] 
a” [H-A] 


Keg (Section 2.3): The equilibrium constant. Keq = [products /[starting 
materials]. 

Kekulé structures (Section 17.1): Two equilibrating structures for 
benzene. Each structure contains a six-membered ring and three 7 
bonds alternating with © bonds around the ring. 

Ketal (Section 21.14): A compound having the general structure 
R,C(OR')), where R = alkyl or aryl. Ketals are derived from 
ketones and constitute a subclass of acetals. 

B-Keto ester (Section 23.10): A compound containing a ketone car- 
bony! on the carbon B to the ester carbonyl group. 

Ketone (Section 11.9): A compound with two alkyl groups bonded to the 
C=O carbon atom, having the general structures R3C=O or RCOR'. 

Ketose (Section 28.2): A monosaccharide comprised of a polyhy- 
droxy ketone. 

Keto tautomer (Section 11.9): A tautomer of a ketone that has a 
C=O and a hydrogen bonded to the œ carbon. The keto tautomer 
is in equilibrium with the enol tautomer. 

Kiliani—Fischer synthesis (Section 28.10B): A reaction that length- 
ens the carbon chain of an aldose by adding one carbon to the 
carbonyl end. 

Kinetic enolate (Section 23.4): The enolate that is formed the 
fastest—generally the less substituted enolate. 

Kinetic product (Section 16.11): In a reaction that can give more than 
one product, the product that is formed the fastest. 

Kinetic resolution (Section 29.3B): The separation of two enantio- 
mers by a chemical reaction that selectively occurs for only one 
of the enantiomers. 

Kinetics (Section 6.5): The study of chemical reaction rates. 


L 


L-Sugar (Section 28.2C): A sugar with the hydroxy group on the 
stereogenic center farthest from the carbonyl on the left side in the 
Fischer projection formula. 

Lactam (Section 22.1): A cyclic amide in which the carbonyl 
carbon-nitrogen © bond is part of a ring. A B-lactam contains the 
carbon-nitrogen © bond in a four-membered ring. 

Lactol (Section 21.16): A cyclic hemiacetal. 

Lactone (Section 22.1): A cyclic ester in which the carbonyl 
carbon—oxygen © bond is part of a ring. 

Le Chatelier’s principle (Section 9.8D): The principle that a sys- 
tem at equilibrium will react to counteract any disturbance to the 
equilibrium. 

Leaving group (Section 7.6): An atom or group of atoms (Z) that is 
able to accept the electron density of the C— Z bond during a sub- 
stitution or elimination reaction. 

Leaving group ability (Section 7.7): A measure of how readily a 
leaving group (Z) can accept the electron density of the C—Z bond 
during a substitution or elimination reaction. 

Lecithin (Section 30.4A): A phosphoacylglycerol in which the phos- 
phodiester alkyl group is -CH,CH,N(CH3)3". Lecithins are also 
called phosphatidylcholines. 

Leukotriene (Section 9.16): An unstable and potent biomolecule 
synthesized in cells by the oxidation of arachidonic acid. Leuko- 
trienes are responsible for biological conditions such as asthma. 

Levorotatory (Section 5.12A): Rotating plane-polarized light in the 
counterclockwise direction. The rotation is labeled / or (-). 

Lewis acid (Section 2.8): An electron pair acceptor. 

Lewis acid-base reaction (Section 2.8): A reaction that results when 
a Lewis base donates an electron pair to a Lewis acid. 

Lewis base (Section 2.8): An electron pair donor. 

Lewis structure (Section 1.3): A representation of a molecule that 
shows the position of covalent bonds and nonbonding electrons. In 
Lewis structures, unshared electrons are represented by dots and 
a two-electron covalent bond is represented by a solid line. Lewis 
structures are also called electron dot structures. 

Ligand (Section 26.2A): A group coordinated to a metal, which 
donates electron density to or sometimes withdraws electron den- 
sity from the metal. 

“Like dissolves like” (Section 3.4C): The principle that compounds 
dissolve in solvents having similar kinds of intermolecular forces; 
that is, polar compounds dissolve in polar solvents and nonpolar 
compounds dissolve in nonpolar solvents. 

Lindlar catalyst (Section 12.5B): A catalyst for the hydrogenation of 
an alkyne to a cis alkene. The Lindlar catalyst is Pd adsorbed onto 
CaCO; with lead(II) acetate and quinoline. 

Lipid (Sections 4.15, 30.1): A biomolecule with a large number of 
C-C and C-H o bonds that is soluble in organic solvents and 
insoluble in water. 

Lone pair of electrons (Section 1.2): A pair of valence electrons that 
is not shared with another atom in a covalent bond. Lone pairs are 
also called unshared or nonbonded pairs of electrons. 

Lowest unoccupied molecular orbital (Section 17.9B): The molecu- 
lar orbital with the lowest energy that does not contain electrons. 
The lowest unoccupied molecular orbital is abbreviated as the 
LUMO. 
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M 


M peak (Section 13.1): The peak in the mass spectrum that corre- 
sponds to the mass of the molecular ion. The M peak is also called 
the molecular ion peak or the parent peak. 

M + 1 peak (Section 13.1): The peak in the mass spectrum that cor- 
responds to the mass of the molecular ion plus one. The M + 1 
peak is caused by the presence of isotopes that increase the mass 
of the molecular ion. 

M + 2 peak (Section 13.2): The peak in the mass spectrum that cor- 
responds to the mass of the molecular ion plus two. The M + 2 
peak is caused by the presence of isotopes, typically of a chlorine 
or a bromine atom. 

Macrocyclic lactone (Section 22.6A): A cyclic ester contained in a 
large ring. Macrocyclic lactones are also called macrolides. 

Macrolide (Section 22.6A): A cyclic ester contained in a large ring. 
Macrolides are also called macrocyclic lactones. 

Magnetic resonance imaging (MRI) (Section 14.12): A form of 
NMR spectroscopy used in medicine. 

Malonic ester synthesis (Section 23.9A): A stepwise method that 
converts diethyl malonate into a carboxylic acid having one or two 
carbons bonded to the carbon. 

Markovnikov’s rule (Section 10.10): The rule that states in the addi- 
tion of HX to an unsymmetrical alkene, the H atom bonds to the 
less substituted carbon atom. 

Mass number (Section 1.1): The total number of protons and neu- 
trons in the nucleus of a particular atom. 

Mass spectrometry (Section 13.1): An analytical technique used for 
measuring the molecular weight and determining the molecular 
formula of an organic molecule. 

Mass-to-charge ratio (Section 13.1): A ratio of the mass to the charge 
of a molecular ion or fragment. Mass-to-charge ratio is abbrevi- 
ated as m/z. 

Megahertz (Section 14.1A): A unit used for the frequency of the RF 
radiation in NMR spectroscopy. Megahertz is abbreviated as MHz; 
1 MHz = 10° Hz. 

Melting point (Section 3.4B): The temperature at which mol- 
ecules in the solid phase are converted to the liquid phase. Mol- 
ecules with stronger intermolecular forces and higher symmetry 
have higher melting points. Melting point is abbreviated as mp. 

Merrifield method (Section 29.8): A method for synthesizing poly- 
peptides using insoluble polymer supports. 

Meso compound (Section 5.8): An achiral compound that contains 
two or more tetrahedral stereogenic centers, 

Meta director (Section 18.7): A substituent on a benzene ring that 
directs a new group to the meta position during electrophilic aro- 
matic substitution. 

Meta isomer (Section 17.3B): A 1,3-disubstituted benzene ring. Meta 
substitution is abbreviated as m-. 

Metal hydride reagent (Section 12.2): A reagent containing a polar 
metal—hydrogen bond that places a partial negative charge on the 
hydrogen and acts as a source of hydride ions (H:7). 

Metathesis (Section 26.6): A reaction between two alkene molecules 
that results in the interchange of the carbons of their double bonds. 

Methylation (Section 7.12): A reaction in which a CH; group is trans- 
ferred from one compound to another. 

Methylene group (Sections 4.1B, 10.3C): A CH, group bonded to a 
carbon chain (—CH),~—) or part of a double bond (CH2=). 
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1,2-Methy] shift (Section 9.9): Rearrangement of a less stable carbo- 
cation to a more stable carbocation by the shift of a methyl group 
from one carbon atom to an adjacent carbon atom. 

Micelles (Section 3.6): Spherical droplets formed by soap molecules 
having the ionic heads on the surface and the nonpolar tails packed 
together in the interior. Grease and oil dissolve in the interior 
nonpolar region. 

Michael acceptor (Section 24.8): The ,B-unsaturated carbonyl com- 
pound in a Michael reaction. 

Michael reaction (Section 24.8): A reaction in which a resonance- 
stabilized carbanion (usually an enolate) adds to the B carbon of 
an o.,8-unsaturated carbonyl compound. 

Mixed aldol reaction (Section 24.2): An aldol reaction between two 
different carbonyl compounds. A mixed aldol reaction is also 
called a crossed aldol reaction. 

Mixed anhydride (Section 22.1): An anhydride with two different 
alkyl groups bonded to the carbonyl carbon atoms. 

Molecular ion (Section 13.1): The radical cation having the general 
structure M*’, formed by the removal of an electron from an organic 
molecule. The molecular ion is also called the parent ion. 

Molecular orbital theory (Section 17.9A): A theory that describes 
bonds as the mathematical combination of atomic orbitals to form 
a new set of orbitals called molecular orbitals. Molecular orbital 
theory is also called MO theory. 

Molecular recognition (Section 9.5B): The ability of a host molecule 
to recognize and bind specific guest molecules. 

Molecule (Section 1.2): A compound containing two or more atoms 
bonded together with covalent bonds. 

Monomers (Sections 5.1, 15.14): Small organic compounds that can 
be covalently bonded to each other (polymerized) in a repeating 
pattern. 

Monosaccharide (Section 28.2): A simple sugar having three to seven 
carbon atoms, 

Monosubstituted alkene (Section 8.2A): An alkene that has one alkyl 
group and three hydrogens bonded to the carbons of the double 
bond (RCH=CH)). 

Monoterpene (Section 30.7A): A terpene that contains 10 carbons 
and two isoprene units. A monoterpenoid also contains at least 
one oxygen atom. 

Multiplet (Section 14.6C): An NMR signal that is split into more 
than seven peaks. 

Mutarotation (Section 28.6A): The process by which a pure anomer 
of a monosaccharide equilibrates to a mixture of both anomers 
when placed in solution. 


N 


n + 1 rule (Section 14.6C): The rule that an NMR signal for a proton 
with n nearby nonequivalent protons will be split into n + 1 peaks. 

Natural product (Section 7.19): A compound isolated from a natural 
source. 

Newman projection (Section 4.9): An end-on representation of the 
conformation of a molecule. The Newman projection shows the 
three groups bonded to each carbon atom in a particular C—C 
bond, as well as the dihedral angle that separates the groups on 


each carbon. 
A 


Nitration (Section 18.4): An electrophilic aromatic substitution 
reaction in which benzene reacts with *NO, to give nitrobenzene, 
CHNO. 

Nitrile (Sections 22.1, 22.18): A compound having the general struc- 
ture RC=N. 

Nitronium ion (Section 18.4): An electrophile having the structure 
*NO. 

N-Nitrosamine (Sections 7.16, 25.13B): A compound having the 
general structure R,N-N=O. Nitrosamines are formed by the 
reaction of a secondary amine with *NO. 

Nitrosonium ion (Section 25.13): An electrophile having the struc- 
ture *NO. 

NMR peak (Section 14.6A): The individual absorptions in a split 
NMR signal due to nonequivalent nearby protons. 

NMR signal (Section 14.6A): The entire absorption due to a particu- 
lar kind of proton in an NMR spectrum. 

NMR spectrometer (Section 14.1A): An analytical instrument that 
measures the absorption of RF radiation by certain atomic nuclei 
when placed in a strong magnetic field. 

Nonbonded pair of electrons (Section 1.2): A pair of valence elec- 
trons that is not shared with another atom in a covalent bond. 
Nonbonded electrons are also called unshared or lone pairs of 
electrons. 

Nonbonding molecular orbital (Section 17.10): A molecular orbital 
having the same energy as the atomic orbitals that formed it. 

Nonnucleophilic base (Section 7.8B): A base that is a poor nucleo- 
phile due to steric hindrance resulting from the presence of bulky 
groups. 

Nonpolar bond (Section 1.12): A covalent bond in which the elec- 
trons are equally shared between the two atoms, 

Nonpolar molecule (Section 1.13): A molecule that has no net dipole. 
A nonpolar molecule has either no polar bonds or multiple polar 
bonds whose dipoles cancel. 

Nonreducing sugar (Section 28.9R): A carhohydrate that cannot be 
oxidized by Tollens, Benedict’s, or Fehling’s reagent. 

Normal alkane (Section 4.1A): An acyclic alkane that has all of its 
carbons in a row. A normal alkane is an “n-alkane” or a straight- 
chain alkane. 

Nuclear magnetic resonance spectroscopy (Section 14.1): A power- 
ful analytical tool that can help identify the carbon and hydrogen 
framework of an organic molecule. 

Nucleophile (Sections 2.8, 7.6): An electron-rich compound, sym- 
bolized by :Nu’, which donates a pair of electrons to an electron- 
deficient compound, forming a covalent bond. Lewis bases are 
nucleophiles. 

Nucleophilic acyl substitution (Sections 20.2B, 22.1): Substitution 
of a leaving group by a nucleophile at a carbonyl carbon. 

Nucleophilic addition (Section 20.2A): Addition of a nucleophile to 
the electrophilic carbon of a carbonyl group followed by proton- 
ation of the oxygen. 

Nucleophilic aromatic substitution (Section 18.13): A substitution 
reaction of an aryl halide with a strong nucleophile. 

Nucleophilicity (Section 7.8A): A measure of how readily an atom 
donates an electron pair to other atoms. 

Nucleophilic substitution (Section 7.6): A reaction in which a 
nucleophile replaces the leaving group in a molecule. 

Nucleoside (Section 28.14B): A biomolecule having a sugar and either 
a purine or pyrimidine base joined together by an N-glycosidic 
linkage. 


Nucleotide (Section 28.14B): A biomolecule having a sugar and either 
a purine or pyrimidine base joined together by an N-glycosidic 
linkage, and a phosphate bonded to a hydroxy group of the sugar 
nucleus. 


O 


Observed rotation (Section 5.12A): The angle that a sample of an 
optically active compound rotates plane-polarized light. The angle 
is denoted by the symbol œ and is measured in degrees (°). 

Octet rule (Section 1.2): The general rule governing the bonding 
process for second-row elements. Through bonding, second-row 
elements attain a complete outer shell of eight valence electrons. 

Oil (Sections 10.6B, 30.3): A triacylglycerol that is liquid at room 
temperature and composed of fatty acid side chains with a high 
degree of unsaturation. 

Olefin (Section 10.1): An alkene; a compound possessing a carbon— 
carbon double bond. 

Optically active (Section 5.12A): Able to rotate the plane of plane- 
polarized light as it passes through a solution of a compound. 
Optically inactive (Section 5.12A): Not able to rotate the plane of plane- 

polarized light as it passes through a solution of a compound. 

Optical purity (Section 5.12D): A measurement of how much one 
enantiomer is present in excess of the racemic mixture. Optical 
purity is also called enantiomeric excess (ee); ee = % of one enan- 
tiomer — % of the other enantiomer. 

Orbital (Section 1.1): A region of space around the nucleus of an 
atom that is high in electron density. There are four different kinds 
of orbitals, called s, p, d, and f. 

Order of a rate equation (Section 6.9B): The sum of the exponents 
of the concentration terms in the rate equation of a reaction. 

Organoborane (Section 10.16): A compound that contains a carbon- 
boron bond. Organoboranes have the general structure RBH, 
R,BH, or R3B. 

Organocopper reagent (Section 20.9): An organometallic reagent 
having the general structure R,CuLi. Organocopper reagents are 
also called organocuprates. 

Organolithium reagent (Section 20.9): An organometallic reagent 
having the general structure RLi. 

Organomagnesium reagent (Section 20.9): An organometallic 
reagent having the general structure RMgX. Organomagnesium 
reagents are also called Grignard reagents. 

Organometallic reagent (Section 20.9): A reagent that contains a 
carbon atom bonded to a metal. 

Organopalladium compound (Section 26.2): An organometallic 
compound that contains a carbon—palladium bond. 

Organophosphorus reagent (Section 21.10A): A reagent that con- 
tains a carbon—phosphorus bond. 

Ortho isomer (Section 17.3B): A 1,2-disubstituted benzene ring. 
Ortho substitution is abbreviated as o-. 

Ortho, para director (Section 18.7): A substituent on a benzene ring 
that directs a new group to the ortho and para positions during 
electrophilic aromatic substitution. 

Oxaphosphetane (Section 21.10B): An intermediate in the 
Wittig reaction consisting of a four-membered ring containing a 
phosphorus—oxygen bond. 

Oxazaborolidine (Section 20.6A): A heterocycle possessing a boron, 
a nitrogen, and an oxygen. An oxazaborolidine can be used to form 
a chiral reducing agent. 
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Oxidation (Sections 4.14A, 12.1): A process that results in a loss of 
electrons. For organic compounds, oxidation results in an increase 
in the number of C—Z bonds or a decrease in the number of 
C-H bonds; Z = an element more electronegative than carbon. 

Oxidative addition (Section 26.2A): The addition of a reagent to a metal, 
often increasing the number of groups around the metal by two. 

Oxidative cleavage (Section 12.10): An oxidation reaction that 
breaks both the o and x bonds of a multiple bond to form two 
oxidized products. 

Oxime (Section 28.10A): A compound having the general structure 
R,C=NOH. 

Oxirane (Section 9.1); A cyclic ether having the oxygen atom as part 
of a three-membered ring. Oxiranes are also called epoxides. 

Oxy-Cope rearrangement (Section 27.5): A [3,3] sigmatropic 
rearrangement of a 1,5-dien-3-ol to a 8,€-unsaturated carbonyl 
compound. 

Ozonolysis (Section 12.10): An oxidative cleavage reaction in which 
a multiple bond reacts with ozone (O3) as the oxidant. 


P 


Para isomer (Section 17.3B): A 1,4-disubstituted benzene ring. Para 
substitution is abbreviated as p-. 

Parent ion (Section 13.1): The radical cation having the general struc- 
ture M”, formed by the removal of an electron from an organic 
molecule. The parent ion is also called the molecular ion. 

Parent name (Section 4.4): The portion of the IUPAC name of an 
organic compound that indicates the number of carbons in the 
longest continuous chain in the molecule. 

Pentose (Section 28.2): A monosaccharide containing five carbons. 

Peptide bond (Section 29.5): The amide bond in peptides and 
proteins. 

Peptides (Sections 22.6B, 29.5): Low molecular weight polymers of 
less than 40 amino acids joined together by amide linkages. 

Percent s-character (Section 1.11B): The fraction of a hybrid orbital 
due to the s orbital used to form it. As the percent s-character 
increases, a bond becomes shorter and stronger. 

Percent transmittance (Section 13.6B): A measure of how much 
electromagnetic radiation passes through a sample of a compound 
and how much is absorbed. 

Pericyclic reaction (Section 27.1): A concerted reaction that proceeds 
through a cyclic transition state. 

Peroxide (Section 15.2): A reactive organic compound with the gen- 
eral structure ROOR. Peroxides are used as radical initiators by 
homolysis of the weak O—O bond. 

Peroxyacid (Section 12.7): An oxidizing agent having the general 
structure RCO3H. 

Peroxy radical (Section 15.11): A radical having the general structure 
ROO.. 

Petroleum (Section 4.7): A fossil fuel containing a complex mixture 
of compounds, primarily hydrocarbons with 1 to 40 carbon atoms. 

Phenol (Sections 9.1, 15.12): A compound such as CgH;OH, which 
contains a hydroxy group bonded to a benzene ring. 

Phenyl group (Section 17.3D): A group formed by removal of one 
hydrogen from benzene, abbreviated as CsHs— or Ph—. 

Pheromone (Section 4.1): A chemical substance used for communi- 
cation in an animal or insect species. 

Phosphatidylcholine (Section 30.4A): A phosphoacylglycerol in 
which the phosphodiester alkyl group is —CH,CH,N(CH;),°. 
Phosphatidylcholines are also called lecithins. 
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Phosphatidylethanolamine (Section 30.4A): A phosphoacylglycerol 
in which the phosphodiester alkyl group is -CH,CH,NH;". Phos- 
phatidylethanolamines are also called cephalins. 

Phosphoacylglycerols (Section 30.4A): A lipid having a glycerol 
backbone with two of the hydroxy groups esterified with fatty 
acids and the third hydroxy group as part of a phosphodiester. 

Phosphodiester (Section 30.4): A functional group having the gen- 
eral formula ROPO,OR' formed by replacing two of the H atoms 
in phosphoric acid (H3PO,) with alkyl groups. 

Phospholipid (Sections 3.7A, 30.4): A hydrolyzable lipid that con- 
tains a phosphorus atom. 

Phosphonium salt (Section 21.10A): An organophosphorus reagent 
with a positively charged phosphorus and a suitable counterion; for 
example, R4P*X. Phosphonium salts are converted to ylides upon 
treatment with a strong base. 

Phosphorane (Section 21.10A): A phosphorus ylide; for example, 
Ph3P =CR). 

Photon (Section 13.5): A particle of electromagnetic radiation. 

Pi (7) bond (Section 1.10B): A bond formed by side-by-side overlap 
of two p orbitals where electron density is not concentrated on 
the axis joining the two nuclei. Pi (7) bonds are generally weaker 
than © bonds. 

pK, (Section 2.3): A logarithmic scale of acid strength. pK, = -log Ka. 
The smaller the pX,, the stronger the acid. 

Plane of symmetry (Section 5.3): A mirror plane that cuts a molecule 
in half, so that one half of the molecule is the mirror reflection of 
the other half. 

Plane-polarized light (Section 5.12A): Light that has an electric 
vector that oscillates in a single plane. Plane-polarized light, also 
called polarized light, arises from passing ordinary light through 
a polarizer. 

Plasticizer (Section 31.7): A low molecular weight compound added 
to a polymer to give it flexibility. 

B-Pleated sheet (Section 29 9R): A secondary structure of a protein 
formed when two or more peptide chains line up side by side. 
Poisoned catalyst (Section 12.5B): A hydrogenation catalyst with 
reduced activity that allows selective reactions to occur. The 
Lindlar catalyst is a poisoned Pd catalyst that converts alkynes to 

cis alkenes. 

Polar aprotic solvent (Section 7.8C): A polar solvent that is incapa- 
ble of intermolecular hydrogen bonding because it does not con- 
tain an O—H or N—H bond. 

Polar bond (Section 1.12): A covalent bond in which the electrons 
are unequally shared between the two atoms. Unequal sharing of 
electrons results from bonding between atoms of different electro- 
negativity values, usually with a difference of > 0.5 units. 

Polarimeter (Section 5.12A): An instrument that measures the degree 
that a compound rotates plane-polarized light. 

Polarity (Section 1.12): A characteristic that results from a dipole. The 
polarity of a bond is indicated by an arrow with the head of the arrow 
pointing toward the negative end of the dipole and the tail with a per- 
pendicular line through it at the positive end of the dipole. The polarity 
of a bond can also be indicated by the symbols 5* and &. 

Polarizability (Section 3.3B): A measure of how the electron cloud 
around an atom responds to changes in its electronic environment. 

Polar molecule (Section 1.13): A molecule that has a net dipole. A 
polar molecule has either one polar bond or multiple polar bonds 
whose dipoles reinforce. 

Polar protic solvent (Section 7.8C): A polar solvent that is capable 
of intermolecular hydrogen bonding because it contains an O—H 
or N—H bond. 


Polyamide (Sections 22.16A, 31.6A): A step-growth polymer that 
contains many amide bonds. Nylon 6,6 and nylon 6 are polyamides. 

Polycarbonate (Section 31.6C): A step-growth polymer that contains 
many —OC(=O)O- bonds in its backbone, often formed by reac- 
tion of Cl,C=O with a diol. 

Polycyclic aromatic hydrocarbon (Sections 9.17, 17.5): An aro- 
matic hydrocarbon containing two or more benzene rings that 
share carbon-carbon bonds. Polycyclic aromatic hydrocarbons are 
abbreviated as PAHs. 

Polyene (Section 16.7): A compound that contains three or more 
double bonds. 

Polyester (Sections 22.16B, 31.6B): A step-growth polymer consist- 
ing of many ester bonds between diols and dicarboxylic acids. 
Polyether (Sections 9.5B, 31.3): A compound that contains two or 

more ether linkages. 

Polymer (Sections 5.1, 15.14): A large molecule composed of smaller 
monomer units covalently bonded to each other in a repeating 
pattern. 

Polymerization (Section 15.14A): The chemical process that joins 
together monomers to make polymers. 

Polysaccharide (Section 28.13): A carbohydrate containing three or 
more monosaccharide units joined together by glycosidic linkages. 

Polyurethane (Section 31.6C): A step-growth polymer that contains 
many —NHC(=O)O- bonds in its backbone, formed by reaction 
of a diisocyanate and a diol. 

Porphyrin (Section 29.10C): A nitrogen-containing heterocycle that 
can complex metal ions. 

Primary (1°) alcohol (Section 9.1): An alcohol having the general 
structure RCH,OH. 

Primary (1°) alkyl halide (Section 7.1): An alkyl halide having the 
general structure RCH,X. 

Primary (1°) amide (Section 22.1): An amide having the general 


structure RCONH). 
Primary (1° amine (Scctions 21.11, 25.1). An amine having the 


general structure RNH). 

Primary (1°) carbocation (Section 7.14): A carbocation having the 
general structure RCH,*. 

Primary (1°) carbon (Section 4.1A): A carbon atom that is bonded 
to one other carbon atom. 

Primary (1°) hydrogen (Section 4.1A): A hydrogen that is bonded 
to a 1° carbon. 

Primary protein structure (Section 29.9A): The particular sequence 
of amino acids joined together by peptide bonds. 

Primary (1°) radical (Section 15.1): A radical having the general 
structure RCH». 

Propagation (Section 15.4A): The middle part of a chain mechanism 
in which one reactive particle is consumed and another is gener- 
ated. Propagation repeats until a termination step occurs. 

Prostaglandin (Section 4.15): A class of lipids containing 20 carbons, 
a five-membered ring, and a COOH group. Prostaglandins possess 
a wide range of biological activities. 

Prosthetic group (Section 29.10C); The non-protein unit of a con- 
jugated protein. 

Protecting group (Section 20.12): A blocking group that renders a 
reactive functional group unreactive so that it does not interfere 
with another reaction. 

Protection (Section 20.12): The reaction that blocks a reactive func- 
tional group with a protecting group. 

Proteins (Sections 22.6B, 29.5); High molecular weight polymers of 
40 or more amino acids joined together by amide linkages. 

Proton (Section 2.1): A positively charged hydrogen ion (H*). 


Proton NMR spectroscopy (Section 14.1): A form of nuclear mag- 
netic resonance spectroscopy used to determine the number and 
type of hydrogen atoms in a molecule. 

Proton transfer reaction (Section 2.2): A Brønsted-Lowry acid- 
base reaction; a reaction that results in the transfer of a proton 
from an acid to a base. 

Purine (Section 28.14B): A bicyclic aromatic heterocycle having two 
nitrogens in each of the rings. 


Pyranose (Section 28.6): A cyclic six-membered ring of a monosac- 
charide containing an oxygen atom. 

Pyrimidine (Section 28.14B): A six-membered aromatic heterocycle 
having two nitrogens in the ring. 


Q 


Quantum (Section 13.5); The discrete amount of energy associated 
with a particle of electromagnetic radiation (i.e., a photon). 

Quartet (Section 14.6C): An NMR signal that is split into four peaks 
having a relative area of 1:3:3:1, caused by three nearby non- 
equivalent protons. 

Quaternary (4°) carbon (Section 4.1A): A carbon atom that is 
bonded to four other carbon atoms. 

Quaternary protein structure (Section 29.9C): The shape adopted 
when two or more folded polypeptide chains aggregate into one 
protein complex. 

Quintet (Section 14.6C): An NMR signal that is split into five peaks 
caused by four nearby nonequivalent protons. 


R 


R,S System of nomenclature (Section 5.6): A system of nomencla- 
ture that distinguishes the stereochemistry at a tetrahedral stereo- 
genic center by assigning a priority to each group connected to 
the stereogenic center. R indicates a clockwise orientation of the 
three highest priority groups and S indicates a counterclockwise 
orientation of the three highest groups. The system is also called 
the Cahn—Ingold—Prelog system. 

Racemic mixture (Section 5.12B): An equal mixture of two enan- 
tiomers. A racemic mixture, also called a racemate, is optically 
inactive. 

Racemization (Section 7.13C): The formation of equal amounts of 
two enantiomers from an enantiomerically pure starting material. 

Radical (Sections 6.3B, 15.1): A reactive intermediate with a single 
unpaired electron, formed by homolysis of a covalent bond. 

Radical anion (Section 12.5C): A reactive intermediate containing 
both a negative charge and an unpaired electron. 

Radical cation (Section 13.1): A species with an unpaired electron 
and a positive charge, formed in a mass spectrometer by the bom- 
bardment of a molecule with an electron beam. 

Radical inhibitor (Section 15.2): A compound that prevents radical 
reactions from occurring. Radical inhibitors are also called radical 
scavengers. 
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Radical initiator (Section 15.2): A compound that contains an espe- 
cially weak bond that serves as a source of radicals. 

Radical polymerization (Section 15.14B): A radical chain reaction 
involving the polymerization of alkene monomers by adding a 
radical to a 7 bond. 

Radical scavenger (Section 15.2): A compound that prevents radical 
reactions from occurring. Radical scavengers are also called radi- 
cal inhibitors. 

Rate constant (Section 6.9B): A constant that is a fundamental char- 
acteristic of a reaction. The rate constant, symbolized by k, is a 
complex mathematical term that takes into account the dependence 
of a reaction rate on temperature and the energy of activation. 

Rate-determining step (Section 6.8): In a multistep reaction mecha- 
nism, the step with the highest energy transition state. 

Rate equation (Section 6.9B): An equation that shows the relation- 
ship between the rate of a reaction and the concentration of the 
reactants. The rate equation depends on the mechanism of the 
reaction and is also called the rate law. 

Reaction coordinate (Section 6.7): The x axis in an energy diagram 
that represents the progress of a reaction as it proceeds from reac- 
tant to product. 

Reaction mechanism (Section 6.3): A detailed description of how 
bonds are broken and formed as a starting material is converted 
to a product. 

Reactive intermediate (Sections 6.3, 10.18): A high-energy unstable 
intermediate formed during the conversion of a stable starting 
material to a stable product. 

Reciprocal centimeter (Section 13.6A): The unit for wavenumber, 
which is used to report frequency in IR spectroscopy. 

Reducing sugar (Section 28.9B): A carbohydrate that can be oxi- 
dized by Tollens, Benedict’s, or Fehling’s reagent. 

Reduction (Sections 4.14A, 12.1): A process that results in the gain of 
electrons. For organic compounds, reduction results in a decrease in 
the number of C—Z bonds or an increase in the number of C-H 
bonds; Z = an element more electronegative than carbon. 

Reductive amination (Section 25.7C): A two-step method that con- 
verts aldehydes and ketones into amines. 

Reductive elimination (Section 26.2A): The elimination of two 
groups that surround a metal, often forming new carbon—hydrogen 
or carbon-carbon bonds. 

Regioselective reaction (Section 8.5): A reaction that yields predomi- 
nantly or exclusively one constitutional isomer when more than 
one constitutional isomer is possible. 

Resolution (Section 29.3): The separation of a racemic mixture into 
its component enantiomers. 

Resonance (Section 14.1A): In NMR spectroscopy, when an atomic 
nucleus absorbs RF radiation and spin flips to a higher energy state. 

Resonance hybrid (Sections 1.6C, 16.4): A structure that is a 
weighted composite of all possible resonance structures. The 
resonance hybrid shows the delocalization of electron density 
due to the different locations of electrons in individual resonance 
structures. 

Resonance structures (Sections 1.6, 16.2): Two or more structures of 
a molecule that differ in the placement of z bonds and nonbonded 
electrons. The placement of atoms and o bonds stays the same. 

Retention of configuration (Section 7.11C): The same relative ste- 
reochemistry of a stereogenic center in the reactant and the product 
of a chemical reaction. 

Retention time (Section 13.4B): The length of time required for 
a component of a mixture to travel through a chromatography 
column. 
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Retro Diels-Alder reaction (Section 16.14B): The reverse of a 
Diels—Alder reaction in which a cyclohexene is cleaved to give a 
1,3-diene and an alkene. 

Retrosynthetic analysis (Section 10.18): Working backwards from a 
product to determine the starting material from which it is made. 

RF radiation (Section 14.1A): Radiation in the radiofrequency region 
of the electromagnetic spectrum, characterized by long wave- 
length and low frequency and energy. 

Ribonucleoside (Section 28.14B): An N-glycoside formed by the 
reaction of D-ribose with certain amine heterocycles. 

Ribonucleotide (Section 28.14B): An RNA building block having a 
ribose and either a purine or pyrimidine base joined together by an 
N-glycosidic linkage, and a phosphate bonded to a hydroxy group 
of the sugar nucleus. 

Ring-closing metathesis (Section 26.6): An intramolecular olefin 
metathesis reaction using a diene starting material, which results 
in ring closure. 

Ring current (Section 14.4): A circulation of 2 electrons in an aro- 
matic ring caused by the presence of an external magnetic field. 

Ring flipping (Section 4.12B): A stepwise process in which one chair 
conformation of cyclohexane interconverts with a second chair 
conformation. 

Ring-opening metathesis polymerization (Problem 26.31): An ole- 
fin metathesis reaction that forms a high molecular weight polymer 
from certain cyclic alkenes. 

Robinson annulation (Section 24.9): A ring-forming reaction that 
combines a Michael reaction with an intramolecular aldol reaction 
to form a 2-cyclohexenone. 

Rule of endo addition (Section 16.13D): The rule that the endo prod- 
uct is preferred in a Diels—Alder reaction. 


S 


Sandmeyer reaction (Section 25.14A): A reaction between an ery! 
diazonium salt and a copper(I) halide to form an aryl halide 
(CgH;Cl or CeHsBr). 

Saponification (Section 22.11B): Basic hydrolysis of an ester to form 
an alcohol and a carboxylate anion. 

Saturated fatty acid (Section 10.6A): A fatty acid having no carbon— 
carbon double bonds in its long hydrocarbon chain. 

Saturated hydrocarbon (Section 4.1): A compound that contains 
only C-C and C—H o bonds and no rings, thus having the maxi- 
mum number of hydrogen atoms per carbon. 

Schiff base (Section 21.11A): A compound having the general struc- 
ture R,C=NR'. A Schiff base is also called an imine. 

Secondary (2°) alcohol (Section 9.1): An alcohol having the general 
structure R,CHOH. 

Secondary (2°) alkyl halide (Section 7.1): An alkyl halide having the 
general structure R,CHX. 

Secondary (2°) amide (Section 22.1): An amide having the general 
structure RCONHR'. 

Secondary (2°) amine (Sections 21.11, 25.1): An amine having the 
general structure R,NH. 

Secondary (2°) carbocation (Section 7.14): A carbocation having the 
general structure RyCH*. 

Secondary (2°) carbon (Section 4.1A): A carbon atom that is bonded 
to two other carbon atoms. 

Secondary (2°) hydrogen (Section 4.1A): A hydrogen that is attached 
to a 2° carbon. 

Secondary protein structure (Section 29.9B): The three- 
dimensional conformations of localized regions of a protein. 


Secondary (2°) radical (Section 15.1): A radical having the general 
structure RCH. 

Second-order rate equation (Sections 6.9B, 7.10): A rate equation 
in which the reaction rate depends on the concentration of two 
reactants. 

Separatory funnel (Section 19.12): An item of laboratory glassware 
used for extractions. 

Septet (Section 14.6C): An NMR signal that is split into seven peaks 
caused by six nearby nonequivalent protons. 

Sesquiterpene (Section 30.7A): A terpene that contains 15 carbons 
and three isoprene units. A sesquiterpenoid also contains at least 
one oxygen atom. 

Sesterterpene (Section 30.7A): A terpene that contains 25 carbons 
and five isoprene units. A sesterterpenoid also contains at least 
one oxygen atom. 

Sextet (Section 14.6C): An NMR signal that is split into six peaks 
caused by five nearby nonequivalent protons. 

Sharpless asymmetric epoxidation (Section 12.15): An enantioselec- 
tive oxidation reaction that converts the double bond of an allylic 
alcohol to a predictable enantiomerically enriched epoxide. 

Sharpless reagent (Section 12.15): The reagent used in the Sharp- 
less asymmetric epoxidation. The Sharpless reagent consists of 
tert-butyl hydroperoxide, a titanium catalyst, and one enantiomer 
of diethyl tartrate. 

Shielding effects (Section 14.3A): An effect in NMR caused by small 
induced magnetic fields of electrons in the opposite direction to 
the applied magnetic field. Shielding decreases the strength of the 
magnetic field felt by the nucleus and shifts an absorption upfield. 

1,2-Shift (Section 9.9): Rearrangement of a less stable carbocation 
to a more stable carbocation by the shift of a hydrogen atom or 
an alkyl group from one carbon atom to an adjacent carbon atom. 

Sigma (6) bond (Section 1.9A): A cylindrically symmetrical bond 
that concentrates the electron density on the axis that joins two 
nuclei, All single bonds are g bonds. 

Sigmatropic rearrangement (Section 27.1): A pericyclic reaction in 
which a © bond is broken in the reactant, the = bonds rearrange, 
and a o bond is formed in the product. 

Silyl ether (Section 20.12): A common protecting group for an alco- 
hol in which the O—H bond is replaced by an O~- Si bond. 

Simmons-Smith reaction (Section 26.5): Reaction of an alkene with 
CHI, and Zn(Cu) to form a cyclopropane. 

Singlet (Section 14.6A): An NMR signal that occurs as a single peak. 

Skeletal structure (Section 1.8B): A shorthand representation of the 
structure of an organic compound in which carbon atoms and the 
hydrogen atoms bonded to them are omitted. All heteroatoms and 
the hydrogens bonded to them are drawn in, Carbon atoms are 
assumed to be at the junction of any two lines or at the end of a line. 

Sxl mechanism (Sections 7.10, 7.13): A nucleophilic substitution 
mechanism that goes by a two-step process involving a carboca- 
tion intermediate. Sy1 is an abbreviation for “Substitution Nucleo- 
philic Unimolecular.” 

Sy2 mechanism (Sections 7.10, 7.11): A nucleophilic substitution 
mechanism that goes by a one-step concerted process, where both 
reactants are involved in the transition state. Sy2 is an abbreviation 
for “Substitution Nucleophilic Bimolecular.” 

Soap (Sections 3.6, 22.12B): The carboxylate salts of long-chain 
fatty acids prepared by the basic hydrolysis or saponification of a 
triacylglycerol. 

Solubility (Section 3.4C): A measure of the extent to which a com- 
pound dissolves in a liquid. 

Solute (Section 3.4C): The compound that is dissolved in a liquid 
solvent. 


Solvent (Section 3.4C): The liquid component into which the solute 
is dissolved. 

Specific rotation (Section 5.12C): A standardized physical constant 
for the amount that a chiral compound rotates plane-polarized 
light. Specific rotation is denoted by the symbol [a] and defined 
using a specific sample tube length (/ in dm), concentration 
(c in g/mL), temperature (25 °C), and wavelength (589 nm). 
[a] = o/(l x c) 

Spectator ion (Section 2.1): An ion that does not take part in a reac- 
tion and is opposite in charge to the ion that does take part in a 
reaction. A spectator ion is also called a counterion. 

Spectroscopy (Section 13.1): An analytical method using the inter- 
action of electromagnetic radiation with molecules to determine 
molecular structure, 

Sphingomyelin (Section 30.4B); A hydrolyzable phospholipid 
derived from sphingosine. 

Spin flip (Section 14.1A): In NMR spectroscopy, when an atomic 
nucleus absorbs RF radiation and its magnetic field flips relative 
to the external magnetic field. 

Spin-spin splitting (Section 14.6): Splitting of an NMR signal into 
peaks caused by nonequivalent protons on the same carbon or 
adjacent carbons. 

Spiro ring system (Problem 23.63, Appendix B): A compound hav- 
ing two rings that share a single carbon atom. 

Staggered conformation (Section 4.9): A conformation of a mole- 
cule in which the bonds on one carbon bisect the R-C—R bond 
angle on the adjacent carbon. 


Step-growth polymer (Sections 22.16A, 31.1): A polymer formed 
when monomers containing two functional groups come together 
with loss of a small molecule such as water or HCl. Step-growth 
polymers are also called condensation polymers. 

Stereochemistry (Sections 4.9, 5.1): The three-dimensional structure 
of molecules. 

Stereogenic center (Section 5.3): A site in a molecule at which the 
interchange of two groups forms a stereoisomer. A carbon bonded 
to four different groups is a tetrahedral stereogenic center. A tetra- 
hedral stereogenic center is also called a chirality center, a chiral 
center, or an asymmetric center. 

Stereoisomers (Sections 4.13B, 5.1): Two isomers that differ only in 
the way the atoms are oriented in space. 

Stereoselective reaction (Section 8.5): A reaction that yields pre- 
dominantly or exclusively one stereoisomer when two or more 
stereoisomers are possible. 

Stereospecific reaction (Section 10.14): A reaction in which each of 
two stereoisomers of a starting material yields a particular stereo- 
isomer of a product. 

Steric hindrance (Section 7.8B): A decrease in reactivity resulting 
from the presence of bulky groups at the site of a reaction. 

Steric strain (Section 4.10): An increase in energy resulting when 
atoms in a molecule are forced too close to one another. 

Steroid (Sections 16.14C, 30.8): A tetracyclic lipid composed of three 
six-membered rings and one five-membered ring. 
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Straight-chain alkane (Section 4.1A): An acyclic alkane that has 
all of its carbons in a row. Straight-chain alkanes are also called 
normal alkanes. 

Strecker amino acid synthesis (Section 29.2C): A reaction that con- 
verts an aldehyde into an o-amino acid by way of an œ-amino nitrile. 

Structural isomers (Sections 4.1A, 5.2): Two compounds that have 
the same molecular formula but differ in the way the atoms are 
connected to each other. Structural isomers are also called consti- 
tutional isomers. 

Substituent (Section 4.4): A group or branch attached to the longest 
continuous chain of carbons in an organic molecule. 

Substitution reaction (Section 6.2A): A reaction in which an atom or 
a group of atoms is replaced by another atom or group of atoms. 
Substitution reactions involve o bonds: one © bond breaks and 
another is formed at the same atom. 

Substrate (Section 6.11): An organic molecule that is transformed by 
the action of an enzyme. 

Sulfonate anion (Section 19.13): An anion having the general structure 
RSO, , formed by deprotonating a sulfonic acid with a Brgnsted— 
Lowry base. 

Sulfonation (Section 18.4): An electrophilic aromatic substitution 
reaction in which benzene reacts with *SO3H to give a benzene- 
sulfonic acid, CsH;SO3H. 

Sulfonic acid (Section 19.13): A compound having the general struc- 
ture RSO3H. 

Suprafacial reaction (Section 27.4): A pericyclic reaction that occurs 
on the same side of the two ends of the n electron system. 

Suzuki reaction (Section 26.2): The palladium-catalyzed coupling of 
an organic halide (R'X) with an organoborane (RBY») to form a 
product R—R'. 

Symmetrical anhydride (Section 22.1): An anhydride that has two 
identical alkyl groups bonded to the carbonyl carbon atoms. 

Symmetrical ether (Section 9.1): An ether with two identical alkyl 
groups bonded to the oxygen. 

Syn addition (Section 10.8): An addition reaction in which two parts 
of a reagent are added from the same side of a double bond. 

Syn dihydroxylation (Section 12.9B): The addition of two hydroxy 
groups to the same face of a double bond. 

Syndiotactic polymer (Section 31.4): A polymer having the substitu- 
ents alternating from one side of the backbone of an elongated 
polymer chain to the other. 

Syn periplanar (Section 8.8): In an elimination reaction, a geometry 
in which the B hydrogen and the leaving group are on the same 
side of the molecule. 

Systematic name (Section 4.3): The name of a molecule indicating 
the compound’s chemical structure. The systematic name is also 
called the IUPAC name. 
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Target compound (Section 11.12): The final product of a synthetic 
scheme. 

Tautomerization (Sections 11.9, 23.2A): The process of converting 
one tautomer into another. 

Tautomers (Section 11.9): Constitutional isomers that are in equilib- 
rium and differ in the location of a double bond and a hydrogen 
atom. 

Terminal alkene (Section 10.1): An alkene that has the double bond 
at the end of the carbon chain. 

Terminal alkyne (Section 11.1): An alkyne that has the triple bond at 
the end of the carbon chain. 
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C-Terminal amino acid (Section 29.5A): The amino acid at the end 
of a peptide chain with a free carboxy group. 

N-Terminal amino acid (Section 29.5A): The amino acid at the end 
of a peptide chain with a free amino group. 

Termination (Section 15.4A): The final step of a chain reaction. In 
a radical chain mechanism, two radicals combine to form a stable 
bond. 

Terpene (Section 30.7): A hydrocarbon composed of repeating five- 
carbon isoprene units. 

Terpenoid (Section 30.7): A lipid that contains isoprene units as well 
as at least one oxygen heteroatom. 

Tertiary (3°) alcohol (Section 9.1): An alcohol having the general 
structure R3COH. 

Tertiary (3°) alkyl halide (Section 7.1): An alkyl halide having the 
general structure R3CX. 

Tertiary (3°) amide (Section 22.1): An amide having the general 
structure RCONR'). 

Tertiary (3°) amine (Sections 21.11, 25.1): An amine having the 
general structure R3N. 

Tertiary (3°) carbocation (Section 7.14): A carbocation having the 
general structure R;C*. 

Tertiary (3°) carbon (Section 4.1A): A carbon atom that is bonded to 
three other carbon atoms. 

Tertiary (3°) hydrogen (Section 4.1A): A hydrogen that is attached 
to a 3° carbon. 

Tertiary protein structure (Section 29.9C): The three-dimensional 
shape adopted by an entire peptide chain. 

Tertiary (3°) radical (Section 15.1): A radical having the general 
structure R;C'. 

Tesla (Section 14.1A): A unit used to measure the strength of a mag- 
netic field. Tesla is denoted with the symbol “T.” 

Tetramethylsilane (Section 14.1B): An internal standard used as a 
reference in NMR spectroscopy. The tetramethylsilane (TMS) 
reference peak occurs at 0 ppm on the 6 scale. 

Tetrasubstituted alkene (Section 8.2A): An alkene that has four alkyl 
groups and no hydrogens bonded to the carbons of the double bond 
(RzC=CR,). 

Tetraterpene (Section 30.7A): A terpene that contains 40 carbons and 
eight isoprene units. A tetraterpenoid contains at least one oxygen 
atom as well. 

Tetrose (Section 28.2): A monosaccharide containing four carbons. 

Thermodynamic enolate (Section 23.4): The enolate that is lower in 
energy—generally the more substituted enolate. 

Thermodynamic product (Section 16.11): In a reaction that can 
give more than one product, the product that predominates at 
equilibrium. 

Thermodynamics (Section 6.5): A study of the energy and equilib- 
rium of a chemical reaction. 

Thermoplastics (Section 31.7): Polymers that can be melted and then 
molded into shapes that are retained when the polymer is cooled. 

Thermosetting polymer (Section 31.7): A complex network of 
cross-linked polymer chains that cannot be re-melted to form a 
liquid phase. 

Thioester (Section 22.17): A compound with the general structure 
RCOSR'. 

Tollens reagent (Sections 20.8, 28.9B): A reagent that oxidizes alde- 
hydes, and consists of silver(I) oxide in aqueous ammonium hydrox- 
ide. A Tollens test is used to detect the presence of an aldehyde. 

p-Toluenesulfonate (Section 9.13): A very good leaving group hav- 
ing the general structure CH3C,H,SO; and abbreviated as TsO’. 
Compounds containing a p-toluenesulfonate leaving group are 
called alkyl tosylates and are abbreviated ROTs. 


Torsional energy (Section 4.9): The energy difference between the 
staggered and eclipsed conformations of a molecule. 

Torsional strain (Section 4.9): An increase in the energy of a mol- 
ecule caused by eclipsing interactions between groups attached to 
adjacent carbon atoms. 

Tosylate (Section 9.13): A very good leaving group having the general 
structure CH;C,H,SO; , and abbreviated as TsO”. 

s-Trans (Sections 16.6, 29.5B): The conformation of a 1,3-diene that 
has the two double bonds on opposite sides of the single bond that 
joins them. 

Trans diaxial (Section 8.8B): In an elimination reaction of a cyclo- 
hexane, a geometry in which the B hydrogen and the leaving group 
are trans with both in the axial position. 

Trans isomer (Sections 4.13B, 8.3B): An isomer of a ring or double 
bond that has two groups on opposite sides of the ring or double 
bond. 

Transition state (Section 6.7): An unstable energy maximum as a 
chemical reaction proceeds from reactants to products. The transi- 
tion state is at the top of an energy “hill” and can never be isolated. 

Triacylglycerol (Sections 10.6, 22.12A, 30.3): A lipid consisting of 
the triester of glycerol with three long-chain fatty acids. Triacyl- 
glycerols are the lipids that comprise animal fats and vegetable 
oils. Triacylglycerols are also called triglycerides. 

Triose (Section 28.2): A monosaccharide containing three carbons. 

Triplet (Section 14.6): An NMR signal that is split into three peaks 
having a relative area of 1:2:1, caused by two nearby nonequivalent 
protons. 

Trisubstituted alkene (Section 8.2A): An alkene that has three alkyl 
groups and one hydrogen bonded to the carbons of the double bond 
(R,C=CHR). 

Triterpene (Section 30.7A): A terpene that contains 30 carbons and 
six isoprene units. A triterpenoid contains at least one oxygen 
atom as well, 


U 


Ultraviolet (UV) light (Section 16.15): Electromagnetic radiation 
with a wavelength from 200-400 nm. 

Unimolecular reaction (Sections 6.9B, 7.10, 7.13A): A reaction that 
has only one reactant involved in the rate-determining step, so the 
concentration of only one reactant appears in the rate equation. 

o.,B-Unsaturated carbonyl compound (Section 20.15): A con- 
jugated compound containing a carbonyl group and a carbon- 
carbon double bond separated by a single © bond. 

Unsaturated fatty acid (Section 10.6A): A fatty acid having one 
or more carbon-carbon double bonds in its hydrocarbon chain. 
In natural fatty acids, the double bonds generally have the Z 
configuration. 

Unsaturated hydrocarbon (Section 10.2): A hydrocarbon that has 
fewer than the maximum number of hydrogen atoms per carbon 
atom. Hydrocarbons with m bonds or rings are unsaturated. 

Unsymmetrical ether (Section 9.1): An ether in which the two alkyl 
groups bonded to the oxygen are different. 

Upfield shift (Section 14.1B): In an NMR spectrum, a term used to 
describe the relative location of an absorption signal. An upfield 
shift means a signal is shifted to the right in the spectrum to lower 
chemical shift. 

Urethane (Section 31.6C): A compound that contains a carbonyl 
group bonded to both an OR group and an NHR (or NR2) group. 
A urethane is also called a carbamate. 


V 


Valence bond theory (Section 17.9A): A theory that describes cova- 
lent bonding as the overlap of two atomic orbitals with the electron 
pair in the resulting bond being shared by both atoms. 

Valence electrons (Section 1.1): The electrons in the outermost shell 
of orbitals. Valence electrons determine the properties of a given 
element. Valence electrons are more loosely held than the core 
electrons and thus participate in chemical reactions. 

van der Waals forces (Section 3.3B): Very weak intermolecular inter- 
actions caused by momentary changes in electron density in mol- 
ecules. The changes in electron density cause temporary dipoles, 
which are attracted to temporary dipoles in adjacent molecules. 
van der Waals forces are also called London forces. 

Vicinal dihalide (Section 8.10): A compound that has two halogen 
atoms on adjacent carbon atoms. 

Vinyl group (Section 10.3C): An alkene substituent having the struc- 
ture -CH=CH),. 

Vinyl halide (Section 7.1): A molecule containing a halogen atom 
bonded to the sp? hybridized carbon of a carbon-carbon double 
bond. 

Vitamins (Sections 3.5, 30.5): Organic compounds needed in small 
amounts by biological systems for normal cell function. 

VSEPR theory (Section 1.7B): Valence shell electron pair repulsion 
theory. A theory that determines the three-dimensional shape of 
a molecule by the number of groups surrounding a central atom. 
The most stable arrangement keeps the groups as far away from 
each other as possible. 


WwW 


Walden inversion (Section 7.11C): The inversion of a stereogenic 
center involved in an Sy2 reaction, 

Wavelength (Section 13.5); The distance from one point of a wave 
to the same point on the adjacent wave. Wavelength is abbreviated 
with the Greek letter lambda (A). 

Wavenumber (Section 13.6A): A unit for the frequency of electro- 
magnetic radiation that is inversely proportional to wavelength. 
Wavenumber, reported in reciprocal centimeters (cm), is used for 
frequency in IR spectroscopy. 
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Wax (Sections 4.15, 30.2): A hydrolyzable lipid consisting of an ester 
formed from a high molecular weight alcohol and a fatty acid. 
Williamson ether synthesis (Section 9.6): A method for preparing 
ethers by reacting an alkoxide (RO) with a methyl or primary 

alkyl halide. 

Wittig reaction (Section 21.10): A reaction of a carbonyl group and 
an organophosphorus reagent that forms an alkene. 

Wittig reagent (Section 21.10A): An organophosphorus reagent hav- 
ing the general structure Ph;3P=CR). 

Wohl degradation (Section 28.10A): A reaction that shortens the 
carbon chain of an aldose by removing one carbon from the alde- 
hyde end. 

Wolff—Kishner reduction (Section 18.15B): A method to reduce aryl 
ketones to alkyl benzenes using hydrazine (NH NH)) and strong 
base (KOH). 

Woodward-—Hoffmann rules (Section 27.3): A set of rules based 
on orbital symmetry used to explain the stereochemical course of 
pericyclic reactions. 


Y 


Ylide (Section 21.10A): A chemical species that contains two oppo- 
sitely charged atoms bonded to each other, and both atoms have 
octets of electrons. 


Z 


Zaitsev rule (Section 8.5): In a B elimination reaction, a rule that 
states that the major product is the alkene with the most substituted 
double bond. 

Ziegler-Natta catalysts (Section 31.4): Polymerization catalysts 
prepared from an organoaluminum compound and a Lewis acid 
such as TiCl,, which afford polymer chains without significant 
branching and with controlled stereochemistry. 

Zwitterion (Sections 19.14B, 29.1B): A neutral compound that con- 
tains both a positive and negative charge. 
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retrosynthetic analysis with, 
436-437 
synthesis from acetylene, 436-437 
in synthesis of disparlure, 460, 460f 
Acetylsalicylic acid, 58, 726, 879, 891. 
See also Aspirin 
Achiral carbocation, 392 
Achiral enolate, 927 
Achiral epoxides, 461 
Achiral intermediate, 397 


Achiral meso compound, 186, 188, 
398, 398f 
Achiral molecules, 171-173, 173f 
halogenation of, 570t, 571 
optical inactivity of, 190 
Achiral product, 391 
Achiral reactant, 358, 391 
Achiral starting material, 459, 471 
Acid(s) 
amino. See Amino acids 
Brgnsted—Lowry 
carboxylic acids, 729-734 
description of, 59-60 
reactions of, 60-62 
carboxylic. See Carboxylic acid(s) 
as catalysts, 228 
common, 74 
conjugate, 60-62, 247-248, 247t 


dehydration of alcohols to alkenes in 


strong, 338-343 


as electron pair acceptors, 59, 62, 77 


in epoxide ring-opening reactions, 
359-361 

Lewis, 77-79 

origin of word, 59 

as proton donors, 59 

reaction of ethers with strong, 
355-356 

strength, 62-74 

sulfonic, 741 

Acid-base reactions 

Brgnsted—Lowry, 60-62, 265 

description, 60-2 

Lewis, 77-79, 245 

organometallic reagents and, 
773-114 

predicting outcome of, 65-66 

Acid chlorides 

acidity/basicity of, 863, 863t 

boiling point of, 869t 

functional group in, 91t 

IR spectra of, 870, 870t 

leaving group, 757 

melting point of, 869t 

nomenclature of, 864, 867t 

nucleophilic substitution 
reactions, 757 

odor of, 876 

physical properties of, 869t 

pK,, 863t 

reactions of, 876-878, 892t 

conversion to amides, 877, 1015 


conversion to anhydrides, 876, 877 


conversion to carboxylic acids, 
876, 878 
conversion to esters, 876 
Friedel-Crafts acylation 
reactions, 672 
with organometallic reagents, 
784-7186 
reduction of, 766-767 
solubility of, 869t 
stability of, 863 
structure and bonding of, 754, 860, 
862-863 
synthesis from carboxylic acids, 
880f, 881 


Acidity 


basicity, inverse relationship with, 
63, 63t 
of carbon—hydrogen bonds, 67, 68 
of carboxylic acids, 729, 730- 
735, 733f 
determining relative acidity of 
protons, 73-74 
electronegativity and, 67-70 
factors affecting, 66-74 
element effects, 67-69, 73f 
hybridization effects, 72, 72f, 73f 
inductive effects, 69-70, 70f, 73f 
resonance effects, 70-71, 71f, 73f 
periodic trends in, 67-69 


Acidity constant (K,), 62-63 
Acid rain, 74 

Acrolein, 613f 

Acrylic acid, 583 

Acrylonitrile, 551, 1232f 
Activation energy. See Energy of 


activation (E,) 


Active methylene compounds, 962, 


972, 973 


Active site, enzyme, 229, 229f 
Acyclic alkanes 


branched-chain, 122 
conformations of, 137-144 
butane, 141-144, 141f, 143f 
ethane, 137-144, 139f, 140f 
constitutional isomers, 
122-124, 125t 
having wore ihan five carbon aus, 
124, 125t 
having one to five carbon atoms, 
121-124, 125t 
homologous series, 124, 125t 
molecular formula, 121, 125, 125t 
naming, 128-132 
normal (n) (straight-chain), 
124-125, 125t 
structure, 121-122 
torsional and steric strain energies 
in, 143t 


Acyclovir, 946 
Acylases, 1158 
Acylation 


definition of, 672 
Friedel-Crafts, See Friedel-Crafts 
acylation 


Acyl derivatives, 754 

Acyl group, 672, 812, 864, 865, 866 
Acylium ion, 491, 674 

Acyl transfer reactions, 895~896, 896f 
Addition polymers. See Chain-growth 


polymers 


Addition reactions, A-13 


in alkenes, 385-406 

anti addition, 386, 392, 393t, 395, 
396, 399 

halogenation, 386f, 395-398, 398f 

halohydrin formation, 386f, 
398-401, 400t 

hydration, 386f, 394-395, 
405—406 

hydroboration-oxidation, 386f, 
401—406, 402f, 403f, 405f, 405t 


hydrohalogenation, 386-393, 
386f, 388f, 390f, 393t 
overview of, 385-386, 386f 
stereochemistry of, 386, 391~393, 
393f, 393t 
syn addition, 386, 392, 393t, 
402, 404 
allylic bromination, 576 
anti additions, 452, 454, 461, 462 
carbene addition, 1054 
conjugate, 972 
in conjugated dienes 
Diels—Alder reaction, 
610-619, 611f 
electrophilic, 606-608 
kinetic versus thermodynamic 
product, 608-610 
description of, 208 
dihydroxylation, 461-463 
epoxidation, 458-461, 471473 
exothermic reactions, 387, 387f 
in nucleophilic aromatic substitution, 
695-699 
oxidative, 1046, 1048, 1052 
radical reactions, 576, 579-582 
syn additions, 447, 452, 458, 460, 
460f, 461, 462-463, 1054 
Adenine, 1137, 1138f 
S-Adenosylmethionine (SAM), 260, 261 
-adiene (suffix), 376 
Adipic acid, 1238, 1245, 1246 
Adipoyl chloride, 893 
Adrenal cortical steroids, 1217, 1219 
Adrenaline, 261-262, 261f, 997 
Advil, See Ibuprofen 
Aerosol propellant, 243, 573 
Agent Orange, 670f 
Aglycon, 1118 
-al (suffix), 809 
Alanine, 110 
abbreviation for, 742t 


acid-base reactions of, 743-744, 744f 


in dipeptide synthesis, 
1168-1169, 1172 
enantiomers of, 175f, 1156-1158 
isoelectric point of, 744, 1152t 
in peptide formation, 1161 
pK, values for, 1152t 
structure of, 1150f 
Albuterol, 174, 361, 361f, 852, 1041 
Alcohol dehydrogenase, 470 
Alcoholic beverages, 331, 444 
Alcohols, 324-371 
alkene preparation by acid-catalyzed 
dehydration, 384 
allylic, epoxidation of, 471-473 
boiling point of, 331t 
bonding in, 326 
classification of, 325 
dehydration reactions of, 338-345 
alkene synthesis in, 338-345 
of B-hydroxy carbonyl 
compounds, 958 
carbocation rearrangements in, 
341-343 
dehydration to alkenes, 
338-345, 341f 
E1 mechanism in, 339-340 
E2 mechanism in, 340, 344 
enthalpy change in, 340, 341f 
Le Châtelier’s principle in, 340 
in phosphorus oxychloride and 
pyridine, 344-345 
in strong acid, 338-343 
electrostatic potential maps, 326f 
elimination reactions, 336-345, 
354, 355f 
ether formation from, 395 


fragmentation pattern in mass 
spectrum, 491 
Friedel-Crafts alkylation of, 676 
functional group, 88, 90t 
B-hydroxy carbonyl compounds, 
955-966 
infrared (IR) spectra of, 502 
interesting examples, 331-332, 332f 
leaving groups of, 337, 344-347, 
349-352, 354 
melting point of, 331t 
NMR spectra of, 538-539 
nomenclature, 327-328 
common names, 328 
for cyclic alcohols, 327, 327f 
IUPAC system, 327, 328 
nucleophilicity of, 273 
oxidation of, 457f, 466-471 
patchouli, 345f 
physical properties of, 330-331, 33 Lt 
as polar protic solvents, 250, 
250f, 275 
primary (1°), 406 
classification as, 325 
conversion to alkyl halides with 
HX, 345-347, 350f 
conversion to alkyl halides 
with phosphorus tribromide, 
350, 350t 
conversion to alkyl halides with 
thionyl chloride, 349, 350t 
dehydration by E2 
mechanism, 340 
hydrogen bonding extent, 330 
from nucleophilic addition to 
aldehydes, 767 
oxidation to carboxylic acids, 466, 
467-468, 728 
from reactions of aldehydes 
with organometallic reagents, 
774-775 
from reduction of acid chlorides, 
766-767 
from reduction of aldehydes, 450, 
759, 760, 761 
from reduction of carboxylic acid 
derivatives, 759 
from reduction of carboxylic 
acids, 769 
from reduction of esters, 766-767 
from reduction of 
monosaccharides, 1120 
racemic mixture of, 404 
reactions of 
conversion to alkyl halides with 
HX, 345-348, 350t 
conversion to alkyl halides with 
thionyl chloride and phosphorus 
tribromide, 349-350, 350t 
conversion to alkyl tosylates, 352 
elimination reactions, 336-345 
general features, 336-337 
nucleophilic substitution reactions, 
336-337, 345-354, 355f 
summary of, 354, 355f 
secondary (2°), 406 
classification as, 325 
conversion to alkyl halides with 
HX, 345-348, 350t 
conversion to alkyl halides 
with phosphorus tribromide, 
350, 350t 
conversion to alkyl halides with 
thionyl chloride, 349, 350t 
dehydration by E1 mechanism, 
339-340 
hydrogen bonding extent, 330 
oxidation to ketones, 466, 467 


from reactions of aldehydes 
with organometallic reagents, 
714-775 
from reduction of ketones, 450, 
759, 760, 761 
solubility, 331t 
structure of, 325, 326 
substitution reactions, 336-337, 
345-354, 355f 
synthesis of, 333-335 
from alkyl halides, 334-335 
hydration of alkene, 394-395 
hydroboration-oxidation of 
alkenes, 401—405 
by nucleophilic substitution 
reaction, 334-335 
reactions of organometallic 
reagents with aldehydes and 
ketones, 774-775, 822-823 
reactions of organometallic 
reagents with epoxides, 
787-788 
reduction of epoxides, 
455-456, 456f 
tertiary (3°) 
classification as, 325 
conversion to alkyl halides with 
HX, 345-348, 350t 
dehydration by E1 mechanism, 
339-340 
hydrogen bonding extent, 330 
from reaction of esters and acid 
chlorides with organometallic 
reagents, 783-785 
from reaction of ketones with 
organometallic reagents, 
774-175 
Aldaric acids, 1121, 1122, 1125-1128 
p-aldaric acids, 1125 
-aldehyde (suffix), 810 
Aldehyde dehydrogenase, 470 
Aldehyde group, as electron- 
withdrawing group, 680 
Aldehydes. See also Carbonyl 
compounds 
aldol reactions of, 955-967 
boiling point of, 813t 
carbohydrates, 845-846 
electrostatic potential map of, 
755, 755f 
fragmentation pattern in mass 
spectrum, 491 
functional group in, 91t 
hydration of, 835-837 
kinetics of hydrate formation, 
836-837 
thermodynamics of hydrate 
formation, 835-836 
hydroxy 
cyclization of, 843, 846 
B-hydroxy, synthesis in aldol 
reactions, 955-966 
intramolecular cyclization of, 
843, 846 
IR spectra, 813-814, 813f, 814f 
melting point of, 813t 
NMR spectra, 815, 815f 
nomenclature, 809-810, 812 
common names, 810, 810f 
IUPAC system, 809, 810f 
nucleophilic addition reactions, 756, 
761, 807-846 
carbanion addition, 822-823 
cyanide addition, 823-824 
hydride addition, 821-822 
mechanism of, 819-820 
nucleophiles in, 820, 821f 


Index l-2 


primary amine addition, 830- 
832, 834f 
secondary amine addition, 
833-834, 834f 
odors of, 816, 816f 
oxidation reactions, 758—759, 771 
to carboxylic acid, 1121-1122 
physical properties of, 812, 813t 
pK,, 922t 
polyhydroxy, 845-846 
protecting groups for, 841-842 
reactions of 
with amines, 1015 
at & carbon, 818-819 
at carbonyl carbon, 818, 819 
halogenation at & carbon, 
928-932, 931f 
with organometallic reagents, 
775-777, 822-823 
reactivity of, 756 
reduction of, 821-822 
to alcohols, 450, 759, 760, 761 
reductive amination to amines, 
1002-1005 
solubility of, 813t 
structure of, 754, 808 
synthesis of, 816-818 
alcohol oxidation, 466, 467-468 
carboxylic acid reduction, 759 
hydroboration—oxidation of 
alkynes, 430-431, 817 
hydrolysis of acetals, 840-841 
hydrolysis of imines and 
enamines, 834 
oxidation of primary alcohols, 817 
oxidative cleavage of alkenes, 
463-464, 817 
reduction of acid chlorides, 766 
reduction of acid chlorides and 
esters, 817 
reduction of esters, 766 
reduction of nitriles, 900 
unreactivity to nucleophilic 
substitution, 758 
Wittig reaction, 825-830 


Alditol, 1120 
Aldohexoses, 1126-1129 


p-aldohexoses, 1106-1107, 
1107f, 1127f 
Haworth projections of, 1111-1113 
pyranose ring of, 1109 
stereogenic centers of, 1103, 1106 


Aldol reactions 


crossed, 960-963 
synthetically useful reactions, 
961-962, 962f 
useful transformations of aldol 
products, 962, 963f 
dehydration of aldol product, 
958-959 
directed, 963-965, 964f 
features of, 955-957, 956f 
intramolecular, 965-967, 966f 
in Robinson annulation, 974-978 
mechanism of, 955-956 
retrosynthetic analysis using, 959-960 


Aldonic acid, 1121 
p-Aidopentoses, 1106, 1107f, 


1126, 1127f 


Aldoses 


p-aldose family, 1106-1107, 1107f 

in Kiliani—Fischer synthesis, 1123, 
1124-1125 

oxidation of, 1121-1122 

reduction of, 1120 

structure of, 1100 

in Wohl degradation, 1123-1124 


l-5 Index 


Amino acids, 109-110, 741-744, 
1149-1160. See also 
Peptides; Proteins 

abbreviations for, 742t, 1150f 
N-acetyl, 1156-1158 
acid-base behavior of, 743-744, 
744f, 1151-1152, 1151f, 1152t 
&-amino acids, 741, 1149, 1149f 
D-amino acids, 742, 1149, 1149f 
L-amino acids, 742, 1149, 1149f 
analysis of peptide composition, 1165 
enantiomers of, 1149, 1149f 
separation of, 1155-1158 
essential, 742, 1151 
general features of, 1149, 
1149f, 1151 
isoelectric points, 744 
naturally occurring, 1149, 1150f 
peptide synthesis from, 1168-1175 
pK, values, 1151, 1152, 1152t 
representative examples, 742t 
resolution of 
by conversion to diastereomers, 
1155-1158, 1156f 
kinetic, using enzymes, 1158 
separation of, 1155-1158 
stereogenic center of, 1149, 1151 
structure of, 741, 1149, 1149f, 
1150f, 1151 
synthesis of, 1152~1155 
alkylation of diethy] malonate 
derivative, 1153-1154, 1155f 
enantioselective hydrogenation, 
1159-1160 
reaction of a-halo acids with 
ammonia, 1152-1153, 1155f 
Strecker synthesis, 
1154-1155, 1155f 
zwitterion form, 743, 1151 

Aminobenzene, 634. See also Aniline 

p-Aminobenzoic acid (PABA), 621, 714, 
1030-1031 

Aminoglvcaside. antibiotics, 113. 

Amino group, 90t, 992 

as activating group, 691 

as electron-donating group, 
679-680, 680f 

inductive effect of, 678 

nitro reduction to, 703 

as ortho, para director, 688 

resonance effect of, 679 

6-Aminohexanoic acid, 1239 

o-Amino nitrile, 1154-1155 

Amino sugars, 1134-1135 

Ammonia 

basicity of, 1008 
boiling point, 454 
in dissolving metal reductions, 
446, 454 
hybrid orbitals in, 38, 38f 
molecular shape, 27 
pK, of, 64 
reactions with 
acid chlorides, 877, 1015 
alkyl halides to form amines, 999 
anhydrides, 879, 1015 
esters, 885 
a-halo acids, 1152-1153 
Ammonium cation, of amino acids, 743 
Ammonium salt 
in amine extraction process, 
1006-1007 
enantiomers, 990 
in Hofmann elimination reaction, 
1016-1018 
synthesis of, 989-990, 999 
Amoxicillin, 3, 56, 200, 872 
Amphetamine, 76, 81, 199, 1002 


tn 


Amphikuemin, 5f, 6 
Amphiprion perideraion, 5f, 6 
Amygdalin, 203, 824-825 
Amylopectin, 1133-1134 
Amylose, 168f, 1133-1134 
B-Amyrin, 1222 
Anabolic steroids, 1218 
Analgesics, 593, 726, 879, 934, 943 
Anastrozole, 897, 951 
Androgens, 1217 
Androsterone, 1218t 
-ane (suffix), 124, 127, 128, 132, 
135, 376 
Anemonefish, 5-6, 5f 
Anesthetics, 89, 242f, 333, 703, 715 
Angiotensin, 182 
Angle strain, 144-146 
in epoxide, 326, 337 
Angstrom (A), 25 
Angular methyl groups, 1214-1215 
Anhydrides 
acidity/basicity of, 863t 
boiling point of, 869t 
cyclic, 861, 881 
derivation of term, 865 
IR spectra of, 870t 
melting point of, 869t 
mixed, 861, 865 
nomenclature, 865, 867t 
physical properties of, 869t 
PKa 863t 
reactions of, 878-880, 892t 
acetylation, 880 
with ammonia or amines to form 
amides, 1015 
conversion to amides, 879 
conversion to carboxylic 
acids, 879 
conversion to esters, 879 
solubility of, 869t 
stability of, 863 
structure and bonding of, 
860-861, 863 
symmetrical, 861, 865 
synthesis of 
from acid chlorides, 876, 877 
dehydration of dicarboxylic 
acids, 881 
Aniline, 628, 1009 
basicity of, 1009 
electrophilic aromatic substitution 
reaction, 670, 688, 690 
electrostatic potential plot of, 
680f, 1010f 
nomenclature and, 635 
polyhalogenation of, 690 
protection of, 1016f 
resonance structures, 679 
structure of, 634, 992 
synthesis of 
electrophilic aromatic substitution 
reaction, 670 
by nitrobenzene reduction, 703 
Anionic oxy-Cope rearrangements, 1089 
Anionic polymerization, 
1232-1233, 1232f 
of epoxides, 1234-1235 
Anions 
acetate, 71, 71f 
carbanion, 72, 210-211, 210f 
cyclopentadienyl, 647-649, 654, 654f 
definition of, 8 
enolate, 22 
naked, 251 
radical, 454 
salt formation, 12 
solvation by hydrogen bonding, 250 


Anisole, 356 
Annulation 
origin of word, 974 
Robinson, 974-978 
Annulenes, 643-644 
18-annulene, 557 
Anomeric carbon, 1109-1114, 1116, 
1129-1131, 1136 
Anomers, 1110-1115, 1114f 
Antabuse, 470 
Antarafacial bond formation, 1082 
Antarafacial rearrangement, 
1086-1087, 1087t 
Anthracene, 644 
Anti addition, 386, 392, 393t, 395, 396, 
399, 452, 454, 461, 462 
Antiaromatic compounds, 641, 642, 
648, 650 
Antibiotics 
aminoglycoside, 1135 
cephalosporins, 872 
chloramphenicol, 174 
ionophores, 107-108 
B-lactam, 483, 505, 872, 891-892 
penicillin(s), 483, 505, 872, 876-877, 
891-892 
Antibonding molecular orbital, 651, 
651f, 652f, 653 
Anticancer drugs 
aromatase inhibitors, 897 
doxorubicin, 1099f 
epothilone A, 1059f 
illudin-S, 942 
imatinib mesylate, 872 
tamoxifen, 915, 935 
Anti conformation, 141f, 142-144, 
143f, 292f 
Antidepressant, 260, 665, 670f, 678, 998 
Antifreeze, 332f 
Antihistamines, 633, 670f, 996, 
1007, 1014 
Anti-inflammatory drugs 
aspirin, 38, 76, 224, 2/9, 279t, 726, 
727, 1207 
ibuprofen, 126, 157, 195, 703, 706, 
762f, 954, 971, 1207 
nabumetone, 943 
naproxen, 195, 934 
nonsteroidal anti-inflammatory drugs 
(NSAIDs), 1207 
Antimalarial drugs, 299f, 405, 405f, 647, 
932, 1014 
Antimicrobials, See also Antibiotics 
sulfa drugs, 1030-1031, 1031f 
Antioxidants, 237, 578-579 


Anti periplanar geometry, 305-308, 306f 


Antiseptics, 246 
Antiviral agents, 91, 1059f 
Applied magnetic field, 516, 518, 
526, 530 
Aprotic solvents, polar, 251, 251f, 275, 
276t, 297, 298t, 925 
p-Arabinose, 1106, 1107f, 1123 
Arachidic acid, 1197t 
Arachidonic acid, 590, 592 
leukotriene synthesis by oxidation 
of, 362 
prostaglandin synthesis from, 727 
structure of, 102, 1197t 
synthesis of eicosanoids from, 1205, 
1206f 
Arene, 631 
Arene oxide, 164 
Arginine 
isoelectric point for, 1152t 
pK, values for, 1152t 
structure of, 1150f 


Aricept. See Donepezil 
Arimidex. See Anastrozole 
Aripiprazole, 1035 
Aromatase inhibitors, 897 
Aromatic compounds, 630-634 
background on, 631 
bonding and antibonding orbitals, 
650-651 
buckminsterfullerene, 655-656 
charged, 647-649 
electrophilic substitution. See 
Electrophilic aromatic 
substitution reactions 
examples, 643-649 
charged compounds, 647-649 
heterocycles, 644-647, 646f 
multiple rings, 644 
single ring, 643-644 
Hiickel’s rule, 640-643 
basis of, 650-653 
interesting, 637-638, 638f 
molecular orbitals, 650-653, 
651f, 652f 
nomenclature, 634-636 
predicting aromaticity using 
inscribed polygon method, 
653-655, 654f 
reactions of, 665-717 
electrophilic aromatic substitution, 
666-695 
nucleophilic aromatic substitution, 
695-699 
spectroscopic properties, 636, 
636t, 637f 
Aromaticity, effect on basicity of 
amines, 1011, 1013t 
Arrows 
curved, 21-22, 60, 61, 210, 211, 
211t, 212, 245 
double-headed, 19, 60-61, 211t 
equilibrium, 60-61 
half-headed, 559 
open, 434 
use in describing organic reactions, 
211-212, 211t 
Artemisinin, 203, 405, 405f 
Artificial sweeteners, 1131, 1132f, 1164 
Arylamines 
basicity of, 1008-1010, 1013t 
reaction with nitrous acid, 1020-1021 
Arylboranes, 1047 
Aryl bromides, synthesis from aryl 
diazonium salts, 1022 
Aryl chlorides 
examples of biologically active, 670f 
reactivity of, 696 
synthesis from aryl diazonium 
salts, 1022 
Aryl diazonium salt, 1020-1027 
Aryl fluorides, synthesis from aryl 
diazonium salts, 1023 
Aryl groups, 635 
Aryl halides, 239, 239f, 277 
coupling reactions 
with alkene, 1050-1051 
with organoborane, 1047 
examples of biologically active, 670f 
nucleophilic aromatic substitution, 
695-699 
reactivity of, 674 
synthesis of 
from aryl diazonium salts, 
1022, 1023 
halogenation of benzene, 667f, 
669-670 
Aryl iodides, synthesis from ary] 
diazonium salts, 1023 


Aryl ketones, reduction to alkyl 
benzenes, 702-703 
Ascorbic acid, 86, 103 
Asparagine 
isoelectric point for, 1152t 
pK, values for, 1152t 
structure of, 1150f 
Asparagopsis taxiformis, 238 
Aspartame, 907, 1131, 1132f, 1164 
Aspartic acid, 1151, 1250 
isoelectric point for, 1152t 
PK, values for, 1152t 
structure of, 1150f 
Aspirin, 58, 76, 879, 908 
crossing of cell membrane, 76 
derivation of word, 726 
mechanism of action, 224, 726, 727 
mode of action, 1207 
proton transfer reaction, 76 
structure, 726 
synthesis of, 279, 279f, 726 
Asthma, 361-362 
Asymmetric carbon. See Stereogenic 
centers 
Asymmetric reaction, 471 
Asymmetric reduction, 763 
Atactic polymer, 1235-1236 
-ate (suffix), 722, 865, 867t 
Atenolol, 83, 90 
Atherosclerosis, 896, 896f 
Atmosphere 
carbon dioxide concentration in, 
156, 156f 
ozone layer destruction, 243 
Atomic mass unit (amu), 8 
Atomic number, 8 
Atomic orbitals, number of, 1072 
Atomic symbol, 9 
Atomic weight, 8 
Atom mass, infrared (IR) absorption 
and, 498, 498f, 499 
Atoms 
components of, 8 
excited state, 35 
ground state, 35 
Atorvastatin, 1217, 1217f 
Atropine, 995, 996f 
Automated peptide synthesis, 
1173-1175 
Avobenzone, 33, 116, 970 
Avocado, 104 
Axial bond, 167 
Axial hydrogens, 146-147, 146f, 148f 
Aziridines, 371 
Azo compound 
applications of, 1028-1031 
dyes, 1028-1031 
sulfa drugs, 1030-1031, 1031f 
formation of, 1023, 1026-1027 
Azo coupling, 1022, 1026-1027 
AZT (azidodeoxythymidine), 4, 659 
Azulene, 658 


Backside attack, in nucleophilic 
substitution reactions, 
256-257, 273 

Baekeland, Leo, 1243, 1244f 

Baeyer, Adolf von, 125 

Baeyer strain theory, 144 

Bakelite, 1243-1244, 1244f 

Ball-and-stick model 

of acyclic alkanes, 121-122 
of molecular shape, 25-28 
Barbituric acid, 125 


Barrier to rotation, 143 
Base(s) 
for alkyne deprotonation, 423, 423t 
for alkyne synthesis by 
dehydrohalogenation, 310, 310f 
Brgnsted—Lowry 
description of, 59-60 
reactions of, 60-62 
substitution reactions with alkyl 
halides, 244 
common, 75, 75f 
conjugate, 60-62 
dehydration of B-hydroxy carbonyl 
compounds with, 958 
as electron pair donors, 59, 62, 77 
in elimination reactions, 289-290, 
290t, 309t 
in E1 elimination reactions, 303, 
303t, 309, 309t 
in E2 elimination reactions, 296, 
296f, 298t, 309, 309t 
enolate formation with, 
922-923, 923t 
hydrides, 75f 
Lewis, 77-79 
nitrogen, 75, 75f 
nonnucleophilic, 249 
organometallic reagents, 772, 
713-7174 
oxygen, 75, 75f 
as proton acceptors, 59 
strong, 75 
used to deprotonate carboxylic acids, 
730, 731t 
weak as good leaving group in 
nucleophilic substitution 
reactions, 246-248 
Base pairs, 1138, 1139f 
Base peak, in mass spectrum, 485 
Bases, nucleoside, 1137-1138, 1138f 
Basicity 
acidity, inverse relationship with, 
63, 63t 
of amines, 989, 1005-1014, 1013t 
of carboxylic acid derivatives, 862- 
863, 863t 
of carboxylic acids, 729 
leaving group ability and, 246-248 
nucleophilicity compared to, 249, 
250, 251 
periodic trends in, 67-69 
Basketane, 135f 
Beeswax, 157, 157f 
Benadryl, 1007 
Benazepril, 1035 
Benedict’s reagent, 1121 
Bent molecular shape 
alcohols, 326 
description of, 27-28 
ethers, 326 
polarity and, 47 
Benzaldehyde 
aldol reactions of, 961, 962, 962f 
electron density of, 680, 680f 
resonance structures of, 679 
secondary alcohol formed from, 776 
structure of, 810 
Benzalkonium chloride, 286 
Benzamide, structure of, 866 
Benzene, 55, 88, 89t, 115, 494, 630-634 
as annulene, 643 
background on, 631 
in BTX mixture, 637 
p-chlorostyrene synthesis from, 
705-706 
conjugation of, 641 
degrees of unsaturation, 631, 632 


electrostatic potential plot of, 633, 
633f, 680f 
Friedel-Crafts acylation of, 667f, 
672-678, 702f, 707 
Friedel-Crafts alkylation of, 667f, 
672-678, 702f, 705 
halogenation of, 667f, 669-670, 694 
heat of hydrogenation, 639-640, 639f 
hybridization and orbitals, 633 
lack of addition reactivity, 631, 
640, 666 
metabolism of, 164 
molecular orbitals of, 652-653, 652f 
nitration of, 667f, 670-671, 694 
p-nitrobenzoic acid synthesis 
from, 705 
NMR spectrum of, 525, 526t, 
527f, 643 
pi (7) electrons of, 632, 633, 642, 
650, 666, 668 
in polymer synthesis, 1245, 1245f 
resonance, 632 
resonance structures, 598 
stability, 639-640, 642 
structure of, 632-633 
substitution reactions, 631, 640, 
666-678. See also Electrophilic 
aromatic substitution reactions 
sulfonation of, 667f, 670, 671 
synthesis from ary! diazonium 
salts, 1023 
synthesis of bromonitrobenzene 
from, 694 
synthesis of m-bromoaniline 
from, 704 
synthesis of o-nitrotoluene from, 
694-695 
synthesis of 1,3,5-tribromobenzene 
from, 1023-1024, 1024f 
trisubstituted benzene synthesis from, 
706-707 


Benzenecarbaldehyde. See 


Benzaldehyde 


Benzene derivatives 


disubstituted, 692-693 
electrophilic aromatic substitution 
reactions of, 692-693 
halogenation of, 692-693 
nitration of, 693 
synthesis of, 694-695 
drugs containing benzene ring, 638f 
interesting examples, 637-638, 
637f, 638f 
NMR spectra, 539-540, 540f 
nomenclature, 634-636 
aromatic rings as substituents, 635 
disubstituted, 634 
monosubstituted, 634 
polysubstituted, 635 
spectroscopic properties, 636, 
636t, 637f 
substituted 
activating and deactivating 
substituents, 682-686, 685f 
directing effects of substituents, 
682-690, 690f 
electrophilic aromatic substitution, 
682-686, 685f, 690-692 
electrostatic potential plot of, 
680, 680f 
Friedel-Crafts acylation of, 
691-692 
Friedel-Crafts alkylation of, 
691-692 
halogenation of, 690-691 
inductive effects on, 678-681 
multistep synthesis of, 705-707 
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orientation effects on, 686-690 
oxidation of, 701-702 
reduction of, 702-704 
resonance effects on, 679-681! 
synthesis of, 694-695, 705-707 
with diazonium salts, 1024-1026 
trisubstituted, synthesis of, 706-707 
Benzene ring 
of arylamines, 1008 
NMR spectra of, 525, 526t, 527f, 
539-540, 540f 
Benzenesulfonic acid, 667f, 670 
Benzo[a]pyrene, 363, 637, 637f 
Benzocaine, 703 
Benzoic acid 
acidity of, 735-737, 737f 
deprotonation of, 730 
separation from cyclohexanol 
by extraction procedure, 
738-740, 740f 
structure of, 721t 
substituted, 735-738, 737f 
synthesis of 
by arene oxidation, 701 
by oxidation of alkyl 
benzenes, 728 
Benzoic anhydride, 867t 
Benzonitriles, 867t, 1023 
Benzophenone, structure of, 811 
Benzoquinone, 613f 
Benzoyl chloride, 867t 
Benzoyl group, 812 
Benzyl acetate, 910 
2-Benzylbutanoic acid, 938 
Benzyl ester, 1171 
Benzyl group, 635 
Benzylic bromination, 699-701 
Benzylic C-H bond, 699, 701-702, 728 
Benzylic halides, 239, 239f, 699-701 
Benzylic radical, 699-701, 1228 
Benzyne, 698-699 
Bergstrom, Sune, 727 
Beryllium, octet rule exceptions in, 19 
Beryllium hydride 
hybrid orbitals in, 37 
molecular shape of, 26 
Beta (B) blocker, 90 
Beta (B) carbon, 289-290, 306, 721 
Beta (B) elimination reactions. See also 
Elimination reactions 
of alcohols, 336-345 
dehydrohalogenation as, 289 
Zaitsev rule, 299-301 
Beta (B) lactam(s), 323, 483, 505, 861, 
872, 891-892 
Bextra. See Valdecoxib 
BHA (butylated hydroxy anisole), 586 
BHT (butylated hydroxy toluene), 
578-579 
Biaryls, 1066 
Bicyclic compounds, naming, A-5—-6 
Bicyclic product, 614 
Bicyclic ring system, bridged, 
614-615, 615f 
Biformene, 1210 
“Big Six” synthetic polymers, 
1247-1248, 1248t 
Bile acid, 164 
Bile salt, 164 
Bilobalide, 124 
Bimatoprost, 727 
Bimolecular elimination. See E2 
elimination reactions 
Bimolecular reactions 
elimination reactions, 295 
in nucleophilic substitution reactions, 
253-254 
organic reactions, 226 
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Carboxylate anion 
of amino acids, 743 
formation of, 730, 731 
metal salt of, 722, 722f 
synthesis of 
hydrolysis of amides, 890 
hydrolysis of esters, 885-887 
hydrolysis of nitriles, 898-899 
Carboxylation, 787 
Carboxylic acid(s), 718-740 
acidity of, 729, 730-735, 733f, 
863t, 880 
aliphatic, inductive effects in, 
734-735 
aspirin as, 726-727 
basicity of, 729 
benzene derivatives, 701-702 
boiling point of, 723t 
deprotonation of, 730, 731t 
diacids, 722, 936-938 
as dimers, 723, 723f 
dipole-dipole interactions of, 723 
electrostatic potential plot, 719, 719f 
functional group in, 91t 
hydrogen bonding, 723, 723f 
interesting examples, 725-726 
intermolecular forces, 723, 723f, 723t 
IR spectra of, 724, 724f 
leaving group, 757 
melting point of, 723t 
NMR spectra of, 724, 725f 
nomenclature of, 720-722, 722f 
common names, 721-722, 721t 
TUPAC system, 720-722 
nucleophilic acyl substitution 
reactions, 880-885, 880f, 892t 
conversion to acid chlorides, 
880f, 881 
conversion to amides and amines, 
880f, 883-885 
conversion to cyclic anhydrides, 
880f, 881 
conversion to esters, 880f, 882-883 
nucleophilic substitution 
reactions, 757 
physical properties, 723, 723t, 869t 
pK, of, 863t 
protonation of, 729 
reactions of 
esters synthesis, 880f, 882-883 
general features, 729-730 
nucleophilic acy! substitution 
reactions, 880-885, 880f, 892t 
reduction, 759, 767, 769 
resonance stabilization of, 731-732, 
732f, 733f 
salts of, 726 
separation from other organic 
compounds, 738-740, 740f 
solubility of, 723t 
spectroscopic properties, 724, 
724f, 725f 
stability of, 863 
structure and bonding of, 719, 754, 
860, 863 
substituted benzoic acids, 
735-738, 737 
synthesis of, 728-729 
conversion of acid chlorides, 
876, 878 
conversion of anhydrides, 879 
hydrolysis of amides, 890 
hydrolysis of esters, 885-886 
hydrolysis of nitriles, 898-899 
malonic ester synthesis, 936-940 
oxidation of aldehydes, 759, 771 
oxidation of alkyl benzenes, 728 
oxidation of alkynes, 728 


oxidation of primary (1°) alcohols, 


466, 467-468, 728 


oxidative cleavage of alkynes, 465 


reaction of organometallic 
reagents with carbon 
dioxide, 787 
-carboxylic acid (suffix), 864 
Carboxylic acid derivatives. See also 
Acid chlorides; Amides; 
Anhydrides; Esters 
acidity/basicity of, 862-863, 863t 
boiling point of, 869t 
IR spectra of, 869-870, 870t 
leaving groups of, 861, 863, 863t, 
873-874 
melting point of, 868, 869t 
NMR spectra of, 870 
nomenclature of, 864-868, 8671 
nucleophilic acyl substitution 
reactions of, 757 
mechanism of, 873-874 
relative reactivity, 874-875, 892 
summary of, 892, 892t 
physical properties of, 869t 
reaction of organometallic reagents 
with, 774, 783-786 
reactivity with nucleophiles, 757 
reduction of, 759, 766-770 
resonance structures of, 862 
solubility of, 869t 
stability of, 863 
structure and bonding of, 754, 
860-863 
Carboxypeptidase, 1167, 1167t 
Carcinogen, 363 
Cardinol, 1247 
Carotatoxin, 115 
B-Carotene, 102-103, 381f, 828, 
828f, 1222 
Carroll rearrangement, 1096 
Carson, Rachel, 243 
Carvacrol, 664 
Carvone, 196, 664, 1222 
Caryophyllene, 317 
Cassava, 825 
Catalysts. See also specific catalysts 
acids as, 228 
biocatalyst, 1245, 1246, 1246f 
chiral, 1159-1160 
definition of, 228 
energy of activation lowered by, 
228, 228f 
enzymes, 229, 229f 
homogeneous, 1236 
hydrogenation, 447 
Lewis acid, 347 
Lindlar, 453, 455f 
metal, 228, 447 
palladium, 228, 761. See also 
Palladium-catalyzed reactions 
Ziegler-Natta, 1236, 1237 
Catalytic amount, 228 
Catalytic hydrogenation, 447-449 
of aldeyhdes and ketones, 761 
Catecholborane, 1047, 1049 
Cation(s) 
carbocation. See Carbocation(s) 
counterions, 59 
cyclopentadienyl, 648 
definition of, 8 
radical, 485, 489 
salt formation, 12 
solvation ion—dipole interactions, 
250,251, 275 
spectator ions, 59 
tropylium, 649, 654, 654f 
Cationic polymerization, 
1231-1232, 1232f 


CBS reagent, 763-765, 764f 
Cedrol, 1209f 
Celecoxib (Celebrex), 853, 1207 
Cell membrane 
cholesterol in, 127—128, 127f, 1216 
functions, 105 
phospholipids in, 1201-1203 
structure of, 105-107, 106f 
transport across, 107—108, 108f 
Cellobiose, 1131 
Cells, 105 
Cellulose, 893, 893f 
hydrolysis of, 167, 168f, 1133 
solubility of, 169 
structure of, 167, 168f, 169, 169f, 
1099f, 1132-1133 
Cellulose acetate, 1133 
Cephalexin, 872 
Cephalin, 1201 
Cephalosporins, 872 
Cetylpyridinium chloride (CPC), 246 
CFCs. See Chlorofluorocarbons (CFCs) 
Chain branching, in polymerization, 
1229-1230 
Chain growth polymerization, 
1227-1234 
anionic, 1232-1233, 1232f, 
1234-1235 
cationic, 1231-1232, 1232f 
chain branching in, 1229-1230 
copolymers, 1233-1234 
of epoxides, 1234-1235 
ionic, 1231-1233, 1232f 
radical, 1228-1229, 1229f 
Chain-growth polymers, 1226, 
1227-1234 
Chain mechanism, 564, 573, 582 
Chain termination, 1229 
Chair conformation 
of cyclohexanes, 145-154, 146f 
of glucose, 1114 
Charge 
Brgnsted—Lowry acids and bases, 
59f, 60 
on carbon atom, 33-34 
dipole, 46, 47, 47f 
formal, 16-18, 18t 
in resonance hybrid, 24 
Charged ion, 8 
Chauvin, Yves, 1056 
Chemical shift 
in C NMR, 543-544, 544f, 546, 
546t, 597, 597f 
in 'H NMR 
equation for, 518 
predicting values of, 524-525 
protons on benzene rings, 
525, 526t 
protons on carbon-carbon double 
bonds, 526, 526t 
protons on carbon-carbon triple 
bonds, 526, 526t 
scale, 517 
values for common proton 
types, 524t 
Chiral catalysts, 1159—1160 
Chiral drugs, 195 
Chirality 
basic principles of, 173f 
of naturally occurring objects, 173 
in substituted cycloalkanes, 188 
test for, 171 
Chirality center, 172. See also 
Stereogenic centers 
Chiral molecules, 170-173, 173f 
definition of, 170, 172 
halogenation of, 570t, 571-572 
optical activity of, 191 


Chiral reagent, 1159 
Chiral reducing agent, 763 
Chitin, 1135 
Chloral, 835, 836 
Chloral hydrate, 835, 836 
Chloramphenicol, 174 
Chlorination 
of alkanes, 563-567, 565f, 568f, 
569-572, 569f 
of benzene, 670 
bromination compared to, 566-567 
of ethane, 563-565, 565f 
as exothermic reaction, 565, 
565f, 569 
mechanism of, 563-564 
Chlorine 
isotopes of, 488 
mass spectra of alkyl chlorides, 
488, 489f 
2-Chloroacetic acid, 734 
Chlorobenzene, 634, 669, 697 
2-Chloro-1,3-butadiene, polymerization 
of, 1238 
1-Chlorobutane, synthesis of, 571 
2-Chlorobutane 
NMR spectrum of, 521 
synthesis of, 571 
Chlorobutanoic acid, 735 
Chlorocyclohexane, chair conformation 
of, 306-307, 307f 
Chlorocyclopentane, 101 
Chlorocyclopropane, NMR spectrum 
of, 520 
Chloroethane, 55, 89, 545 
Chloroethylene, NMR spectrum of, 520 
4-Chloro-1-ethyl-2-propylbenzene, 635 
Chlorofluorocarbons (CFCs), 3, 243, 
573-574, 574f 
Chloroform, 242, 1053 
Chlorohydrin, 398, 401f 
Chloromethane, 242f 
1-Chloro-2-methylbutane, 562 
1-Chloro-1-methylcyclohexane, 391 
1-Chloro-2-methylcyclohexane 
cis-1-chloro-2-methyl- 
cyclohexane, 306 
trans-1-chloro-2-methyl- 
cyclohexane, 306 
1-Chloro-3-methylcyclohexane, 391 
1-Chloro-1-methylcyclopropane, 319 
2-Chloro-5-methylheptane, 240 
3-Chloro-3-methy]hexane, 391 
1-Chloro-2-methylpropane, 241f 
o-Chloronitrobenzene, 696 
p-Chloronitrobenzene, 695 
2-Chloropentane, 519 
3-Chloropentane, 519 
meta-Chloroperoxybenzoic acid, 457f, 
458-460 
2-Chloropropanal, 810f 
1-Chloropropane, 389, 569, 703 
2-Chloropropane, 389, 488, 488f, 569 
2-Chloropropene, 424 
3-Chloropropenoic acid, NMR spectra 
of, 536, 537f 
o-Chloropropionaldehyde, 810f 
2-Chloropyridine, 713 
Chloroquine, 1014 
p-Chlorostyrene, 705-706 
p-Chlorotoluene, 698 
Chlorpheniramine, 670f 
Cholesterol, 618, 896, 896f, 1194, 
1216-1217 
biosynthesis of, 1216, 1216f 
in cell membranes, 157-158, 
157f, 1216 
cholesterol-lowering drugs, 
(217, 1217f 


solubility of, 100, 157 
specific rotation of, 193 
structure of, 157, 157f, 177, 1216 
synthesis stimulation by saturated 
fats, 384 
trans fats and, 452 
Cholesteryl esters, 896, 896f 
Cholic acid, 164 
Choline, 895 
Chondrocole A, 244 
Chromate ester, 467 
Chromium 
in blood alcohol screening, 468, 469f 
in oxidizing agents, 457, 
466-469, 771 
Chromium (VI) oxide, 457 
Chrysanthemic acid, 545 
Churchane, 135f 
Churchill, Winston, 243 
Chymotrypsin, 1167, 1167t 
Ciguatoxin (CTX3C), 753, 768, 768f 
Cimetidine, 996 
Cinnamaldehyde, 816f, 961 
cis (prefix), 377-378 
Cis-fused, 614 
Cis geometry 
alkenes, 374, 374t, 377-378, 392 
cycloalkenes, 374 
Cis isomers 
of 2-butene, 292-293, 292f, 294 
of cycloalkanes, 151-154 
definition of, 151, 292 
of disubstituted cycloalkanes, 188 
Cis protons, 536, 537f 
Citral, 1209f 
Citric acid, 51, 59f 
Citronellal, 816f 
Citronellol, 513 
Claisen reactions, 967-971, 967f 
crossed, 969-971 
intramolecular, 971-972 
Claisen rearrangement, 1089-1090 
Claritin. See Loratadine 
Clemmensen reduction, 702 
Clopidogrel, 182, 949, 1189 
Clostridium botulinum, 271 
°C NMR. See Carbon NMR 
Cocaine, 83, 116, 871, 995 
Cockroach, 121 
Cocoa butter, 1200 
Coconut oil, 384, 1198, 1200 
Codeine, 748, 998 
Coenzyme, 470, 765 
Coffee, decaffeinated, 242f 
Collagen, 1149, 1183, 1183f 
Column, in periodic table, 9 
Combustion 
of acetylene, 420 
of alkanes, 155-156 
definition of, 155 
of triacylglycerols, 1200 
Common names 
of alcohols, 328 
of aldehydes, 810, 810f 
of alkanes, 134-135, 135f 
of alkenes, 379, 379f 
of alkyl halides, 241 
of amines, 991-992 
of benzene derivatives, 634-635 
of carbohydrates, 1100, 1106 
of carboxylic acid derivatives, 864 
of carboxylic acids, 721-722, 721t 
of epoxides, 330 
of ethers, 328 
of ketones, 811, 812f 
of nitriles, 867, 867f 


Compounds 
examples of, 11 
formation of, 11 
ionic, 12 
Concentration, reaction rate and, 225, 
226-227 
Concerted reaction, 209, 295 
Condensation polymer. See also 
Step-growth polymers 
nylon, 893 
polyesters, 894 
Condensation reactions 
carbonyl, 954-987 
definition of, 958 
Condensed structures, 29-30, 29f, 30f 
Configuration 
inversion in alkyl tosylate reactions, 
353, 354 
retention of 
in chlorination, 572 
in conversion of alcohols to alkyl 
tosylates, 352, 354 
in oxidation of alkylborane, 404 
in Sy2 reactions, 256-258, 257f, 273 
of stereoisomers, 170 
Conformations 
of acyclic alkanes, 137-144 
butane, 141-144, 141f, 143f 
ethane, 137-141, 139f, 140f 
anti, 141f, 142-144, 143f 
of cycloalkanes, 144-154 
disubstituted, 151-154 
monosubstituted, 148-150 
of cyclohexane(s), 145-154 
boat, 147, 148, 148f 
chair, 145-154, 146f 
disubstituted cyclohexane, 
151-154, 153f 
monosubstituted cyclohexane, 
148-150, 150f 
ring-flipping, 147-148, 148f 
definition of, 138 
eclipsed, 138-144, 139f, 140f, 141f, 
143f, 143t, 306f 
free energy change and, 218 
gauche, 141f, 142, 143f, 143t 
staggered, 138-144, 139f, 140f, 141f, 
143f, 306, 306f 
Congo red, 1029, 1030 
Coniine, 995, 996f 
Conivaptan, 858 
Conjugate acid, 60-62, 247-248, 247t 
Conjugate addition, 606, 972, 973 
Conjugate base, 60-62, 63t, 64 
Conjugated dienes, 602-621 
addition reactions 
Diels—Alder reaction, 
610-619, 611f 
electrophilic, 606-608 
kinetic versus thermodynamic 
product, 608-610 
carbon-carbon bond length in, 
603-604 
conformation of 
s-cis, 601-602 
s-trans, 601-602 
electrostatic plot for, 595, 595f 
hydrogenation of, 604—605 
interesting examples of, 602-603 
stability of, 604-605, 605f 
stereoisomers of, 601-602 
synthesis in Suzuki reaction, 1049 
ultraviolet (UV) light absorption, 
619-621, 620f 
Conjugated double bond, 958 
Conjugated proteins, 1183 


Conjugated systems 
allylic carbocation, 594, 595-596 
1,3-dienes, 594-595, 595f 
Conjugation, 593-629 
definition of, 594 
B-dicarbonyl compounds, 917 
effect on carbonyl group IR 
absorption, 814, 814f 
Hiickel’s rule and, 641 
Conrotatory, 1076 
Constitutional isomers 
of alkanes, 122-124, 125t 
of alkenes, 338 
definition of, 18 
of dipeptides, 1161 
in elimination reactions, 290 
features of, 169 
ketone and aldehyde, 430 
of monosaccharides, 1100 
stereoisomers compared, 170f 
tautomers, 427 
Cope rearrangements, 1088-1089 
Copolymers, 1233-1234 
Copper 
electronegativity value of, 772 
organocuprate reagents, 772, 773, 
1043-1045 
Copper(1) cyanide, 1023 
Core electrons, 10 
Corey, E. J., 362, 764, 859 
Corn 
ethanol production from, 332, 332f 
use in green polymer synthesis, 
1246, 1246f 
Coronary artery disease, 157, 182, 384 
Cortisol, 1219 
Cortisone, 618, 816, 984, 1219 
Cotton 
binding dyes to, 1030 
cellulose in, 1132 
structure of, 893, 893f 
Coumarin, 984 
Counterions, 59 
Coupling constant, 530, 536 
Coupling reactions 
alkenes with organic halides (Heck 
reaction), 1043, 1050-1052 
of aryl diazonium salts, 1022, 
1026-1027 
of organocuprate reagents, 
1043-1045 
Covalent bonding 
description of, 11, 12-13 
in Lewis structures, 13-16 
Covalent molecules 
boiling points of, 96 
intermolecular forces, 92-95, 93f, 95t 
melting points of, 98 
solubility of, 101f 
COX-1, 1206f, 1207 
COX-2, 1206f, 1207 
COX-3, 1207 
CPC (cetylpyridinium chloride), 246 
Cracking, 380 
Crafts, James, 667 
CRCs (chlorofluorocarbons), 243, 
573-574, 574f 
Creatine, 52 
p-Cresol, 716, 1256 
Crossed aldol reactions, 960-963 
synthetically useful reactions, 
961-962, 961f 
with two different aldehydes, both 
having & H atoms, 960 
useful transformations of aldol 
products, 962, 963f 
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Crossed Claisen reactions, 969-971 
Cross formula, 1101 
Crown ethers, 107, 333-334, 333f 
Crude oil, 135-136, 135f 
Crutzen, Paul, 573 
Crystallites, 1243 
CTX3C (ciguatoxin), 753, 768, 768f 
Cubane, 135f, 145 
Cucumber aldehyde, 812 
Curcumin, 663 
Curved arrow notation, 21-22, 60, 61, 
210, 211, 21 1t, 212, 245 
Cyanide 
addition to aldehydes and ketones, 
823-824 
addition to imine, 1154 
a-Cyano carbonyl compounds, 962 
2-Cyanocyclohexanecarboxylic 
acid, 867f 
Cyano group, 824 
of nitriles, 861, 867 
Cyanohydrins 
in Kiliani—Fischer synthesis, 
1123, 1124 
naturally occurring derivatives, 
824-825 
synthesis by cyanide addition 
to aldehydes and ketones, 
823-824 
in Wohl degradation, 1123 
Cyclic anhydrides, 861, 881 
Cyclic compounds 
entropy decrease with formation 
of, 219 
stereogenic centers in, 176-177 
Cyclic ethers, 329 
Cyclization, of hydroxy aldehydes, 
843, 846 
Cyclo- (prefix), 125, 132 
Cycloaddition reactions, 1081-1085. 
See also Diels—Alder reaction 
[2 + 2] cycloadditions, 1081, 1084 
[4 + 2] cycloadditions, 1083 
description of, 1071 
orbital symmetry and, 1082 
Woodward-Hoffmann rules, 
1084-1085, 1085t 
Cycloalkanes 
conformations of, 144-154 
disubstituted, 151-154 
monosubstituted, 148-150 
disubstituted, 187-188 
molecular formula, 121, 125, 374 
naming, 132-134, 133f, 134f 
NMR spectra, 520 
stereoisomers, 151-154 
structure of, 121, 125, 145f 
substituted, 148-154, 150f, 153f 
Cycloalkenes, 373 
cis and trans geometry of, 374 
nomenclature, 377, 377f 
Cycloalkynes, 418 
Cyclobutadiene, 641-642, 650, 654-655 
Cyclobutane 
conformation, 144 
structure of, 125, 145f 
Cyclobutene, 1070, 1075 
1-Cyclobutylhexane, 133f 
Cyclodecane, structure of, 145f 
a-Cyclogeraniol, 415 
Cycloheptane, structure of, 145f 
1,3,5-Cycloheptatriene, 641, 649 
Cycloheptatrienone, 1082 
1,3-Cyclohexadiene, 641, 1070, 1075 
heat of hydrogenation, 639 
stability of, 642 
ultraviolet absorption, 619 
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Cyclohexanamine, 628. See also 
Cyclohexylamine 
Cyclohexane(s) 
conformations of, 145-154 
boat, 147, 148, 148f 
chair, 145-154, 146f, 
306-308, 307f 
disubstituted cyclohexane, 
151-154, 153f 
free energy change and, 218 
monosubstituted cyclohexane, 
148-150, 150f 
ring-flipping, 147-148, 148f, 152 
conversion to cyclohexene, 570 
E2 elimination in, 306-308 
in mango, 121 
NMR spectrum, 539 
skeletal structures, 31 
structure of, 121, 125, 132 
Cyclohexanecarbony] chloride, structure 
of, 864 
Cyclohexanediols, 461 
1,4-cyclohexanediol, 1254 
cis-1,2-cyclohexanediol, 462 
1,3-Cyclohexanedione, 749 
Cyclohexanol, 853 
cyclohexane formation from, 408 
dehydration of, 344, 406 
1,2-dibromocyclohexane synthesis 
from, 407-408 
separation from benzoic acid by 
extraction procedure, 
738-740, 740f 
separation of cyclohexylamine from, 
1006-1007, 1006f 
synthesis from cyclohexene, 394 
Cyclohexanone, 513, 793 
aldol reactions of, 962, 963f 
alkylation of, 934 
conversion to alkene, 829-830 
enolate formation from, 920 
halogenation of, 932 
nucleophilic addition reactions, 
820, $2if 
structure, 588 
tertiary alcohol formed from, 776 
2-Cyclohexanone, synthesis of, 932 
Cyclohexene 
addition reactions of, 386f, 391, 
394, 395 
bromination of, 575 
1,2-dibromocyclohexane synthesis 
from, 406 
dihydroxylation of, 461 
heat of hydrogenation, 639 
as Lewis base, 79 
stereoisomers, 613 
synthesis 
cyclohexane conversion, 570 
from cyclohexanol, 408 
by dehydration of 
cyclohexanol, 344 
as synthetic intermediate, 408 
2-Cyclohexen-1l-ol, 370 
3-Cyclohexen-1-ol, 370 
2-Cyclohexenone, 557, 855 
formation in Robinson annulation, 
975-978 
reduction of, 761 
Cyclohexylamine, 991 
ammonium salt of, 1006-1007, 1006f 
in Hofmann elimination reaction, 1017 
separation from cyclohexanol, 
1006-1007, 1006f 
Cyclononatetraenyl anion, 660 
Cyclononatetraeny! cation, 660 


Cyclononatetraeny! radical, 660 
1,5-Cyclooctadiene, 1088 
Cyclooctane, 196, 196f 
Cyclooctatetraene, 641, 643, 660 
Cyclooctene, cis and trans isomers 
of, 374 
Cyclooctyne, 418 
Cyclooxygenase, 727, 1205, 1206f, 1207 
Cyclopentadiene, 614-615, 617, 648 
Cyclopentadienyl anion, 647-649 
Cyclopentadieny] cation, 648 
Cyclopentadienyl radical, 648 
Cyclopentane, structure of, 125, 145f 
Cyclopentanecarboxylic acid, 939 
cis-1,2-Cyclopentanediol, 462 
trans-1,2-Cyclopentanediol, 328 
Cyclopentanol, 101 
Cyclopentanone, 853 
Cyclopentene, chlorination of, 396 
Cyclopropane(s) 
conformation, 144 
dihalo to dialkyl conversion, 1055 
NMR spectrum of, 520 
structure of, 125 
synthesis of 
in Simmons—Smith reaction, 
1055-1056 
using carbene intermediates, 
1052-1055 
Cyclopropenone, 855 
Cyclopropeny! radical, 659 
Cysteine 
abbreviation for, 742t 
isoelectric point for, 1152t 
in peptide formation, 1161 
pX, values for, 1152t 
structure of, 1150f 
Cytidine, 1136 
Cytidine monophosphate, 1137 
Cytosine, 1137, 1138f 


D 


2,4-D (2,4-dichlorophenoxyacetic acid 
herbicide), 670f 
Darunavir, 858 
Darvon. See Propoxyphene 
DBN (1,5-diazabicyclo[4.3.0]non- 
5-ene), 296, 296f, 311 
DBU (1,8-diazabicyclo[5.4.0]undec- 
7-ene), 85, 296, 311 
DCC, See Dicyclohexylcarbodiimide 
d (dextrorotatory) compounds, 191, 1105 
DDE (dichlorodiphenyldichloro- 
ethylene), 288, 290 
DDT (dichlorodiphenyltrichloroethane), 
4, 224, 243, 714 
biological effects of, 288 
DDE formed from, 288 
degradation of, 290 
Dean-—Stark trap, 837, 838f 
(2Z,4Z)-2,4-Decadienoic acid, 
1245-1246 
Decalin, 165, 480, 1214-1215 
Decamethrin, 1052 
Decane, 120, 125t 
Decarboxylation, 1153 
of B-acids, 937 
of B-keto acids, 937 
in malonic ester synthesis, 937-939 
DEET, 877 
Dehydrating agent, 884 
Dehydration reactions 
of alcohols to alkenes, 338-345 
acid-catalyzed, 384 


alkene synthesis in, 338-345 
carbocation rearrangements in, 
341-343 
E1 mechanism in, 339-340 
E2 mechanism in, 340, 344 
enthalpy change in, 340, 341f 
Le Chatelier’s principle in, 340 
in phosphorus oxychloride and 
pyridine, 344-345 
in strong acid, 338-343 
of aldol product, 958-959 
defined, 338 
dicarboxylic acid conversion to cyclic 
anhydrides, 881 
as B-elimination reaction, 338 
fragmentation pattern in mass 
spectrum, 491 
7-Dehydrocholesterol, 1080 
Dehydrohalogenation 
alkene synthesis by, 289 
of alkyl halides with strong base, 384 
alkyne synthesis by, 310-311, 311f 
bases commonly used in, 290, 290t 
drawing products of, 290 
E1 mechanism of, 301 
E2 mechanism of, 295, 300 
16,17-Dehydroprogesterone, 1223 
Delocalization, resonance, 71 
Delta (5) carbon, 721 
Delta (8) scale, 517 
Dementia, 90, 965 
Demerol. See Meperidine 
Dendrobates histrionicus (poison dart 
frog), 421, 421f 
Deoxy (prefix), 1136 
2-Deoxyadenosine, 1136 
Deoxyadenosine monophosphate, 110, 
1099f, 1137 
2-Deoxy-p-ribose, 1136 
Deoxyribonucleic acid (DNA), 110, 
111f, 1137-1138, 1138f, 1139f 
Deoxyribonucleosides, 1136-1137 
Deoxyribonucleotides, 1137 
Deprotection, 781 
Deprotonation 
in acetoacetic ester synthesis, 941 
of acetylene, 436 
of alkyne, 423-424, 423t, 428 
of carboxylic acids, 730, 731t 
of diethyl acetamidomalonate, 1153 
in direct enolate alkylation, 933 
in glycoside formation, 1116 
in halogenation at & carbon of 
carbonyl compounds, 929-931 
in malonic ester synthesis, 938 
racemization at œ carbon of carbonyl 
compounds, 927 
in tautomerization, 918 
Deshielding effects, in NMR, 522-524, 
523f, 526t, 527f 
DET (diethyl tartrate), 471-472 
Detergents, 105 
Deuterium, 8 
Deuterochloroform, 516f 
Dexamethasone, 326 
Dextropimaric acid, 1222 
Dextrorotatory (d), 191, 1105 
DHA, 480 
Di- (prefix), 130, 328 
Diabetes, 815 
Diacids, 722, 936-938 
formation from monosaccharide 
oxidation, 1121, 1122 
in nylon synthesis, 893, 1238 
Diacon. See Methoprene 
Dialky]borane, 402 


Diamine, in nylon synthesis, 893, 1238 
1,4-Diaminobenzene, 1239 
1,6-Diaminohexane, 1238, 1245, 1245f 
Diamond, 655 
Diastereomers, 183-184, 185f, 823 
alkenes, 374t, 377-378 
of 2-butene, 292-294, 292f 
definition of, 184 
disubstituted cycloalkanes, 187-188 
epimers, 1107 
of glucose, 1110, 1111f 
halogenation reactions and, 572 
of monosaccharides, 1107 
NMR spectrum of, 520-522 
nucleophilic substitution reactions 
and, 274 
physical properties of, 194, 194f 
separation of amino acid enantiomers 
into, 1155-1157, 1156f 
1,3-Diaxial interactions, 150 
Diazepam, structure, 638f 
Diazomethane, 1055 
Diazonium ions, 271 
Diazonium salts 
alkyl, 1020 
aryl, 1020-1027 
coupling reactions of, 1022, 
1026-1027 
explosiveness of, 1021 
formation from primary amines, 
1020-1021 
substitution reactions of, 1022-1026 
synthesis of ary! chlorides and 
bromides, 1022 
synthesis of aryl fluorides, 1023 
synthesis of aryl iodides, 1023 
synthesis of benzene, 1023 
synthesis of benzonitriles, 1023 
synthesis of phenols, 1022 
uses in synthesis, 1024-1026 
Diazotization, 1020, 1024 
DIBAL-H (diisobutylaluminum 
hydride). 766-768, TARE, 
770t, 900-901 
Dibromobenzene 
meta-, 634, 636, 637f 
ortho-, 634, 636, 637f 
para-, 634, 636, 637f 
1,4-Dibromobutane, 939 
2,2-Dibromobutane, 424-425, 441 
2,3-Dibromobutane, 173, 185-186, 186f 
Dibromocarbene, !055 
1,2-Dibromocyclohexane, synthesis 
from cyclohexanol, 407-408 
1,3-Dibromocyclopentane, 187-188 
2,3-Dibromopentane, stereoisomers of, 
183-184, 185f, 187 
Dibutyl phthalate, 1244, 1253 
Dicarbonyl compounds, 464 
aldol reactions with, 965-966 
1,4-dicarbonyl compounds, 965 
1,5-dicarbonyl compounds, 966, 966f 
in Robinson annulation, 975 
B-dicarbonyl compounds, 
961-962, 961f 
pK, values, 921, 922t 
synthesis in crossed Claisen 
reactions, 970 
tautomers, 917 
2,5-Dichloroaniline, 635 
4,4'-Dichlorobiphenyl, 101 
Dichlorocarbene, 1053 
1,2-Dichlorocyclopentane, 396 
Dichlorodifiuoromethane, 573 
Dichlorodiphenyldichloroethylene. 
See DDE 


Dichlorodiphenyltrichloroethane. 
See DDT 
1,1-Dichloroethylene, NMR spectrum 
of, 520 
Dichloromethane, 242f, 466 
as solvent in extraction procedure, 
738, 738f, 740f 
2,4-Dichlorophenoxyacetic acid 
herbicide (2,4-D), 670f 
trans-1,3-Dichloropropene, 538 
Dictyopterene, 480 
Dicyclohexylcarbodiimide (DCC), 880f, 
884-885, 1169, 1172, 1173 
Dicyclohexylurea, 884 
Dicyclopentadiene, 617 
Dieckmann reaction, 971-972 
Dieldrin, 626 
Diels—Alder reaction, 610-619 
diene reactivity in, 612 
dienophile reactivity in, 612-13 
drawing product of, 611-612 
features of, 610 
retro, 617 
retrosynthetic analysis of product, 
616-617 
rule of endo addition, 614-616 
tules governing, 612-616 
stereospecificity of, 613-614 
in steroid synthesis, 618 
tetrodotoxin synthesis, 611, 611f 
as thermal [4 + 2] cycloaddition, 
1081 
as thermal reaction, 610 
Dienes, 376 
conjugated. See Conjugated dienes 
Cope rearrangements, 1088 
isolated, 594-595, 595f, 605, 
605f, 606 
in metathesis, 1059 
ozonolysis of, 464 
reactivity, 612 
1,3-Dienes, 594-595, 595f. See also 
Conjugated dienes 
polymerization of, 1238 
synthesis in Suzuki reaction, 1049 
Dienophiles 
cis, 611, 612-613, 614, 617 
cyclic, 612, 614 
Diels-Alder reaction, 610-617 
reactivity of, 612-613 
stereochemistry, 613-614 
trans, 612, 613 
Diesel fuel, composition of 
hydrocarbons in, 136 
Diesters 
in Dieckmann reaction, 971-972 
1,3-diesters, pK, of, 922t 
1,6-diesters, in Dieckmann 
reaction, 971 
1,7-diesters, in Dieckmann 
reaction, 971 
B-diesters 
as active methylene 
compounds, 962 
synthesis in crossed Claisen 
teaction, 970 
Diethyl acetamidomalonate, 1153 
Diethylamine, 102, 877 
Diethyl carbonate, in crossed Claisen 
reaction, 970 
cis-1,2-Diethylcyclopropane, 1056 
Diethyl ether, 89 
as anesthetic, 243f, 333 
boiling point of, 812 
in extraction procedures, 738 
infrared (IR) spectrum, 502 


naming, 328 
solubility of, 102, 118 
as solvent, 99, 355, 738 
Diethyl maleate, 1068 
Diethyl malonate, 961, 962, 962f, 970 
alkylation of derivatives, 

1153-1154, 1155f 

conversion to a carboxylic acid, 

936-939 
N, N-Diethyl-m-toluamide, 877 
Diethyl oxalate, 985 
Diethyl tartrate (DET), 471-472 
Digoxin, 807, 845 
Dihalides, 311, 311f 

alkyne synthesis from, 421-422 
Dihalocarbenes, 1053-1055 
Dihedral angle, 138, 139f, 140f, 142, 

143f, 305 
Dihydroxyacetone, 1100, 1101, 

1108, 1108f 
1,4-Dihydroxybenzene, 1242 
Dihydroxylation, 457f, 461463 

anti, 461462 

syn, 461, 462-463 
1,4-Dihydroxymethylcyclohexane, 894 
6,7-Dihydroxy-2-nonanone, 857 
Diiodomethane, 1055 
Diisobutylaluminum hydride 

(DIBAL-H), 766-768, 768f, 

770t, 900-901 
Diisocyanate, 1240 
Diisopropylamine, 923, 991 
B-Diketone, pK, of, 922t 
Dimers, carboxylic acids as, 723, 723f 
2,2-Dimethoxy-1,3-cyclopentane- 

dicarbaldehyde, 818 
1,2-Dimethoxyethane, 518 
5,5-Dimethoxy-2-pentanone, 854 
Dimethylacetylene dicarboxylate, 629 
Dimethylallyl diphosphate, 1210 
4-(N, N-Dimethylamino)pyridine, 1012 
N, N-Dimethylbenzamide, 866 
1,3-Dimethylbenzene, 693 
2,3-Dimethylbutanal, 809 
3,3-Dimethyl-2-butanol, 341, 342 
2,2-Dimethyl-3-butenal, 812 
Dimethyl carbonate, 802 
cis-3,4-Dimethylcyclobutene, 1075, 

1078, 1079 
trans-3,4-Dimethylcyclobutene, 1077 
cis-5,6-Dimethyl-1,3-cyclohexadiene, 

1075, 1077 
trans-5,6-Dimethyl-1,3-cyclohexadiene, 

1078, 1079 
1,2-Dimethylcyclohexane, 134f 
1,3-Dimethylcyclohexane, 133 
1,4-Dimethylcyclohexane, 

151-153, 153f 
2,2-Dimethy1-1,3-cyclohexanedione, 946 
5,5-Dimethy]-1,3-cyclohexanedione, 946 
2,2-Dimethylcyclohexanone, 934, 935 
2,6-Dimethylcyclohexanone, 934 
1,2-Dimethylcyclohexene, 392, 393f 
1,6-Dimethylcyclohexene, 377f 
1,2-Dimethylcyclopentane, 151, 170f 
1,3-Dimethylcyclopentane, 194 
Dimethylcyclopropanes, 202, 520 
Dimethy] ether 

isomers of, 18 

NMR spectrum of, 545 
Dimethylformamide (DMF), 557 

boiling point of, 97 

as solvent, 251f, 932 
2,5-Dimethyl-3-heptyne, 419f 
2,5-Dimethyl-2,3-hexadiene, 443 
4,5-Dimethylhexanoic acid, 720 


2,4-Dimethyl-3-hexanone, 793 
2,4-Dimethylhexanoyl chloride, 868 
2,5-Dimethy]-3-hexyne, 443 
6,6-Dimethy]-3-octyne, 419 
2,2-Dimethyloxirane, 330, 360 
2,3-Dimethyloxirane, 359 
2,3-Dimethylpentane, 130f, 490 
2,2-Dimethylpropane (neopentane), 93, 
93f, 98, 123 
2,2-Dimethylpropanoic acid, 734 
Dimethyl sulfide, conversion of ozonide 
to carbony! compounds, 
463-465 
Dimethy! sulfoxide (DMSO), 19 
aqueous, 399 
as polar aprotic solvent, 251f, 277 
as solvent for alkyne synthesis, 
310, 311f 
Dimethyl terephthalate, 1240, 1248 
1,3-Dinitriles 
active methylene compounds, 962 
pK,, 922t 
Dinoprostone, 1206 
-dioic acid (suffix), 722 
-diol (suffix), 328 
Diol epoxide, 363 
Diols, 328 
1,2-diol formation by 
dihydroxylation, 461-463 
gem-diol, 835-837 
p-Dioxanone, 1256 
Dioxybenzone, 116 
Dipeptides 
constitutional isomers of, 1161 
synthesis of, 1160-1161, 1172 
Diphenhydramine, 285, 633, 1007 
Dipheny! carbonate, 1241, 1247 
Diphosphate, as leaving group, 
1210-1213 
Dipole, 46, 47, 47f 
in alkenes, 380 
temporary, 93-94 
Dipole—dipole interactions, 94, 95t 
of aldehydes and ketones, 812 
of alky! halides, 241 
of carbonyl compounds, 868 
of carboxylic acids, 723 
of nitriles, 868 
in polar aprotic solvents, 251, 275 
Dipole moment, infrared (IR) absorption 
and, 500 
Directed aldol reactions, 963-965, 964f 
Disaccharides, 1129-1131 
artificial sweeteners, 1131, 1132f 
general features, 1129 
lactose, 1098, 1130 
maltose, 1130 
sucrose, 1131, 1131f 
Discodermolide, 204 
Disorder, entropy as measure of, 218 
Disparlure, synthesis of, 459-461, 460f 
Disproportionation, 1229 
Disrotatory, 1076 
Dissolving metal reductions, 446, 454 
Distillation, of crude petroleum, 
135, 135£ 
Distillation apparatus, 97-98, 97f 
trans-1,2-Disubstituted cycloalkanes, 
358, 359 
Disulfide bonds 
in &-keratins, 1182, 1183f 
in peptides, 1164 
in tertiary structure of proteins, 1180, 
1180f, 1181f 
in vulcanized rubber, 1237, 1237f 
Di-tert-butyl dicarbonate, 1170 
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cis-1,2-Divinylcyclobutane, 1088 
Diynes, 418 
DMAP, 1012 
DME. See Dimethylformamide 
DMSO. See Dimethyl sulfoxide 
DNA, 110, 11 1f, 1137-1138, 
1138f, 1139f 
Dobutamine, 991 
Docetaxel, 911 
Dodecahedrane, 134, 145, 629 
Dodecane, 125t 
Domagk, Gerhard, 1030 
Donepezil, 90, 965 
Dopamine, 7, 997-998, 997f 
Double bonds. See also Alkenes 
in alkenes, 88, 89t, 291-293 
in alkyl halides, 239 
bond length and bond strength, 
43, 44t 
components of carbon-carbon, 40, 40f 
in condensed structures, 30, 30f 
conjugated, 598, 958 
degrees of unsaturation, calculating, 
449-450 
effect on melting point of fatty 
acids, 380 
in functional group, 88, 89t 
hydrogenation of, 450-451, 451f 
Lewis structure, 16 
nitrogen—nitrogen, 1026 
NMR spectra of, 526, 526t, 527f 
pi (1) bonds, 88, 90 
planar, 392, 397, 402, 404 
properties of, 374t 
radical reactions with, 561, 579-582 
in resonance structure, 20, 23, 24 
resonance structures 
conjugated, 598 
major contributor, 599-600, 604 
minor contributors, 599-600, 604 
with one atom more 
electronegative than the other, 
598, 599 
rotation restriction, 40, 292-293, 
292f, 374t 
in trans fats, 451-452 
in triacylglycerols, 384, 
1197-1199, 1197t 
in unsaturated fatty acids, 372, 382 
Z configuration, 382 
Double dagger notation, 221 
Double-headed arrow, 19, 60-61, 211t 
Doublet, NMR spectrum, 529-530, 53 1t, 
532t, 533, 534 
Doublet of doublets, NMR spectrum, 
537, 538f 
Doxorubicin, 1099f 
Dyes 
azo compounds, 1026, 1028-1031 
binding to fabric, 1029-1030 
direct, 1029 
natural and synthetic, 1028-1029 
sulfa drugs, 1030-1031 
Dyneema, 1236 
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E (prefix), 378-379 

E, Z system of nomenclature, 378-379 

ElcB elimination reactions, 958 

Eclipsed conformation, 138-144, 
139f, 140f, 141f, 143f, 143t, 
292f, 306f 

E configuration, double bond, 
1237-1238 
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Ecteinascidia turbinata, 5, 5f 
Edman degradation, 1165-1166 
El elimination reactions, 301-304 
acid-catalyzed dehydration of 
alcohols, 384 
base in, 303, 303t, 309 
characteristics of, 303t 
dehydration of secondary and tertiary 
alcohols, 339-340 
E2 mechanism compared, 302, 309, 
309t, 311-315, 312f-313f 
energy diagram for, 302, 302f 
kinetics of, 301, 303t 
leaving group in, 302, 303t 
rate of reaction, 303, 303t 
regioselectivity of, 303 
Syl substitution reactions compared, 
304-305, 311-315, 312f-313f 
Sy2 substitution reactions compared, 
311-315, 312f-313f 
solvent for, 303t 
two-step mechanism, 301-302, 303t 
E2 elimination reactions 
acetylide anion reactions with alkyl 
halides, 432 
alkyl halide identity in, 
295-299, 298t 
alkyl tosylate reactions, 353 
alkyne synthesis, 310-311, 421-422 
anti periplanar geometry in, 
305-308, 306f 
base in, 296, 296f, 298t, 309 
characteristics of, 298t 
dehydration of alcohols, 340, 344 
dehydrohalogenation of alkyl 
halides, 384 
El mechanism compared, 302, 309, 
309t, 311-315, 312f-313f 
energy diagram of, 295, 295f 
in Hofmann elimination, 
1017-1019, 1019f 
kinetics of, 295, 298t 
leaving group in, 297, 298t 
one-step mechanism, 205—297, 298t 
organic synthesis examples, 299f 
rate of reaction, 297 
regioselectivity of, 299 
Syl and Sy2 substitution reactions 
compared, 311-315, 312f-313f 
solvent for, 297, 298t 
stereochemistry of, 305-309, 306f 
stereoselectivity of, 300 
syn periplanar geometry in, 
305, 306f 
trans diaxial geometry in, 
306-308, 307f 
Zaitsev rule, 299-301, 307 
Effexor. See Venlafaxine 
E-85 fuel, 332, 332f 
Ehrlich, Paul, 1030 
Eicosane 
constitutional isomers of, 125t 
molecular formula, 125t 
Eicosanoids, 1205—1207 
biological activity of, 1205, 1206t 
biosynthesis of, 1205, 1206f, 1207 
derivation of word, 1205 
E isomer, 378 
Elaidic acid, 412 
Elastomer, 1237 
Electrocyclic reaction, 1075-1081 
description of, 1070, 1075 
photochemical, 1079-1080 
stereochemistry and orbital 
symmetry, 1075-1076 
thermal, 1077-1078 
Woodward-Hoffmann rules for, 
1080, 1080 


Electrocyclic ring closure, 1070, 

1075-1079 
Electrocyclic ring opening, 1070, 

1075, 1078 
Electromagnetic radiation, 

494-495, 495f 
Electromagnetic spectrum, 494, 495f 
Electron cloud, 8 
Electron-deficient sites/species, 46, 

47f, 62, 87, 89, 90, 108-109, 

211, 755 
Electron density, delocalization, 71 
Electron-donating groups, 267, 678-681, 

684-685, 690, 734-736, 737£ 
Electron dot representation. See Lewis 

structures 
Electronegativity 

acidity trends and, 67-70 
bond polarity and, 45-46 
definition of, 45 
inductive effects on substituted 
benzenes, 678 
oxidation and, 154 
periodic trends in, 45, 45f 
values for common elements, 45f 
Electron pair acceptor, 59, 77 
Electron pair donor, 59, 77 
Electron pairs 
in Brénsted—Lowry acid-base 
definition, 59 
Lewis acids and bases, 77-79 
movement of, 60, 210 
Electron-poor sites/species, 77 
Electron-rich sites/species, 46, 47f, 62, 
77, 108-109, 385 
Electrons 
bonded (shared), 13 
core, 10 
delocalized, 19, 23, 596, 600-601, 
605, 631 
density of, 10, 34, 46, 46f, 92-93 
excited state, 619-620 
ground state, 619-620 
in Lewis structure, 13-15 
lone pairs. See Lone pairs 
nonbonded (unshared), 13, 13f 
number of, 8, 11 
in resonance structures, 19-24 
unpaired, 209 
valence, 11-13, 18t 
Electron-withdrawing groups, 267, 613, 

678-681, 684-685, 691, 692, 

695-697, 734-737, 737£ 
Electrophiles, 90 

alkyne reactions with, 422 
carbocations as, 210, 211 
Lewis acid, 78 
meaning of term, 78 
radicals as, 211 
reactivity of, 108-109 
Electrophilic addition reactions, A-13 
of conjugated dienes 
kinetic versus thermodynamic 
products, 608-610, 609f 
1,2- versus 1,4-addition, 606-608 
energy diagram for, 388, 388f 
halogenation of alkynes, 426 
hydration of alkenes, 394-395, 
405—406 
hydrohalogenation of alkenes, 

386-393, 386f, 387f, 388f, 

390f, 393f, 393t 

hydrohalogenation of alkynes, 

424425 

Markovnikov’s rule on, 389-391, 
390f, 393t 

stereochemistry of, 391-393, 
393f, 393t 


Electrophilic aromatic substitution 
reactions, 666-695, A-13 
azo coupling, 1026-1027 
energy changes in, 668, 668f 
examples of, 667f 
Friedel-Crafts acylation, 667f, 
672-678, 677f, 691-692, 
702-703, 707 
Friedel-Crafts alkylation, 667f, 
672-678, 691-692, 702-703, 
705, 706 
halogenation, 667f, 669-670, 
690-691, 692-693 
mechanism of, 667-668 
nitration, 667f, 670-671, 694-695 
of substituted benzenes, 678-695 
disubstituted benzenes, 692-693 
limitations on reactions, 691-692 
rate of reactions, 684, 685, 685f 
sulfonation, 667f, 670-671 
Electrophilic carbon, in alkyl 
halides, 244 
Electrospray ionization (ESI), 494 
Electrostatic interactions, 11—12, 92 
Electrostatic potential plot 
of acetic acid, 71f, 719, 719f 
of acetylene, 422, 422f 
of alcohol, 326f 
of alkoxide, 920, 921f 
of amines, 990, 990f 
of benzene, 633, 633f 
of carbanions, 72f 
of carbocations, 267, 267f 
localized and delocalized, 
596, 596f 
of carbon dioxide, 47f 
description of, 46 
of dienes, 595, 595f 
of enolate, 920, 921f 
of epoxide, 326f 
of ethanol, 70f, 71f 
of ether, 326f 
of ethylene, 385, 385f 
of formaldehyde, 7/55, /55t 
of halomethanes, 244f 
of methyl chloride, 46, 46f 
of pyridine and pyrrole, 646, 646f 
of substituted anilines, 1010, 1010f 
of 2,2,2-trifluoroethanol, 70f 
of vitamins A and E, 1204, 1205f 
of water, 47f 
Elements, periodic table, 9-11, 9f 
Elemicin, 113 
Eleostearic acid, 412 
Elimination reactions, A-13 
of alcohols, 336-345, 354, 355f 
alkene synthesis, 289-290, 384-385 
of alkyl halides, 244, 288-323 
alkyne synthesis, 289, 421-422 
alpha (a), 1053 
beta (B), 289 
bimolecular, 294, 295. See also E2 
elimination reactions 
description of, 207 
elimination, unimolecular, 
conjugate base (E1cB) 
mechanism, 958 
features of, 289-290 
mechanisms of, 294—295 
E1. See El elimination reactions 
E2. See E2 elimination reactions 
E1 and E2 compared, 302, 309, 
309t, 311-315, 312f-313f 
reductive, 1046, 1048, 1052 
stereochemistry, 305-309 
unimolecular, 294, 301. See also 
El elimination reactions 
Zaitsev rule on, 299-301, 303 


Enalapril, 200, 1003 
Enals, 812 
Enamines 
hydrolysis of, 834 
synthesis of 
from aldehydes and ketones, 821f, 
833-834, 834f 
amine reaction with aldehydes and 
ketones, 1015 
Enanthotoxin, 28 
Enantiomeric excess, 192-193, 472, 764 
Enantiomers 
of amino acids, 742, 1149, 1149f 
separation of, 1155-1158, 1156f 
of an ammonium salt, 990 
in carbonyl reductions, 762-763 
chemical properties of, 195-196 
chiral drugs, 195 
of cyclic compounds, 176 
definition of, 172, 184 
dienophile, 613 
disubstituted cycloalkanes, 188 
drawing, 175, 175f 
in electrophilic addition to alkenes, 
391-393, 393f 
enantioselective reactions, 471-472 
enantiotopic protons, 520-522 
in enolate alkylation, 934 
from epoxidation of alkenes, 459, 461 
in epoxide ring opening reactions, 
358-359 
formation in halogenation of alkenes, 
395, 396, 397 
halogenation reactions and, 571-572 
in halohydrin formation, 399-400 
in hydroboration—oxidation 
reactions, 404 
labeling stereogenic centers with R 
or S, 178-182, 179f, 181f, 187 
of monosaccharides, 1101, 1103, 
1106, 1106f 
in nucleophilic substitution reactions, 
256, 264-265 
optical purity, 192—193 
in organometallic reagent 
reactions, 777 
physical properties, 190-194, 
192t, 194f 
racemic mixture of, 191—192, 
192t, 391-392 
sense of smell and, 196, 196f 
three-dimensional representations 
for, 175f 
Enantioselective reactions, 471-472 
amino acid synthesis, 1159-1160 
biological reduction, 765-766 
carbonyl reductions, 763-766, 764f 
Enantiotopic protons, NMR signals of, 
520-522 
Enclomiphene, 411 
Endergonic reaction, 219 
Endiandric acids, 1097 
Endo addition, 614-616, 616f 
Endothermic reaction 
bond breakage and, 212-213 
bromination, 568 
dehydration of alcohols, 341f 
energy diagram of, 221f 
enthalpy change and, 219 
reaction rate, 269-270 
transition state in, 269-270, 269f 
-ene (suffix), 376 
Energy 
nonrenewable, 136 
of photons, 494, 495 
release in bond formation, 211 
torsional, 140-141 
units of measurement, 43 


Index 1-14 


Energy barrier, 220, 221, 224, 225, Enolate anion, 22 structure of, 325, 326 from carboxylic acids, 880f, 


295, 302 Enol tautomers, 427-429, 899, 917-918 synthesis of, 336 882-883 
Energy change -enone (suffix), A-5 Epoxy (prefix), 329 from monosaccharides, 
during the chlorination of ethane, Enones, 812 Epoxyalkane, 329 1119-1120 
565, 565f Entacapone, 56 1,2-Epoxycyclohexane, 329, 358 thioesters, 895-896 


during radical addition of HBr, 582 
Energy diagrams, 219-224, 221f, 


Enthalpy change (AH®°), 212-215 
calculation from bond dissociation 


in triacylglycerols, 382 
waxes, 1196 


1,2-Epoxy-2-methylpropane, 329 
cis-2,3-Epoxypentane, 329 


222f, 224f 

for carbocation formation, 270f 

for chlorination of ethane, 565f 

for El elimination reactions, 
302, 302f 

for E2 elimination reactions, 
295, 295f 

for electrophilic addition of HBr to 
1,3-butadiene, 609, 609f 

for electrophilic additions, 388, 388f 

for electrophilic aromatic 
substitution, 668, 668f 

for halogenations, 565f, 568f, S69f 

for rate of electrophilic aromatic 
substitution of substituted 
benzenes, 685, 685f 

for Sy1 substitution reactions, 263, 
263f, 271f 

for Sy2 substitution reactions, 255, 
255f, 259f 

for two-step reaction mechanisms, 
222-224, 224f 


Energy of activation (£,) 


catalysts and, 228, 228f 

definition of, 220 

energy barrier height determined 
by, 221 

in energy diagrams, 220-224, 221f, 
222f, 224f 

in exothermic reactions, 270, 270f 

rate constant, relationship to, 226 

reaction rate and, 225 

transition state energy effect on, 269 


Enol(s), 916-919 


hydroxy group of, 325 
reaction mechanism, 919 
resonance structures, 919 
synthesis of, 790 
hydration of alkyne, 427-429 
hydroboration—oxidation of 
alkyne, 429-430 
tautomers, 917-918 


-enol (suffix), A-5 
Enolate(s), 818, 916, 919-926 


achiral, 927 
in aldol reactions, 956, 956f, 957, 
958, 960, 961, 962f, 963, 
965, 966 
alkylation, 933-936 
general features of, 933-934 
tamoxifen synthesis, 935 
of unsymmetrical ketones, 
934-935 
in Claisen reactions, 967-971 
electrostatic potential plot of, 
920, 921f 
examples, 921 
kinetic, 925, 934, 963 
in Michael reaction, 972-974, 974f 
reactions of, 924, 928, 933-936 
resonance-stabilized, 958, 968, 973 
resonance structures, 919 
in Robinson annulation, 974-978 
synthesis of, 790 
with bases, 922-923, 923t 
from carbonyl compounds, 919 
from esters, 921 
from tertiary amides, 921 
thermodynamic, 926, 935 
of unsymmetrical carbonyl 
compounds, 925-926 


energies, 214-215 
in dehydration of alcohols, 340, 341f 
El elimination reactions, 302, 302f 


Epoxy resins, 1241-1242, 1242f 
Equal. See Aspartame 
Equations for organic reactions, writing, 


in energy diagrams, 220-224, 221f, 
222f, 224f 
free energy change, relation to, 
218-219 
negative, 212, 219 
positive, 212, 219 
Entropy (S°), 218-219 
Entropy change (AS°), 218-219 
Environmental Protection Agency, 469 
-enyne (suffix), A-5 
Enynes, 418 
Enzymes, 229, 229f, 1149 
active site of, 229, 229f 
catalytic action of, 229, 229f 
in kinetic resolution of amino 
acids, 1158 
in oxidation reactions, 470 
in peptide sequencing, 1167, 1167t 
Enzyme-substrate complex, 229, 229f 
Ephedrine, 174, 200 
Epi-aristolochene, 1224 


Epichlorohydrin, 370, 1241-1242, 1242f 


Epilupinine, 1041 
Epimers 
definition of, 1107 
of monosaccharides, 1107, 1124, 
1126-1127 
Epinephrine, 261-262, 261f, 997 
Eplerenone, 334 
Epothilone A, 1059f 
Epoxidation, 457f, 458-461 
in anti dihydroxylation, 461 
Sharpless, 471-473 
of squalene, 1216f, 1217 
stereochemistry of, 458-459 
in synthesis of disparlure, 
459-461, 460f 
Epoxide(s), 287 
achiral, 461 
angle strain, 326, 337 
anionic polymerization of, 
1234-1235 
applications, 361-363 
boiling point of, 331t 
bonding, 326 
electrostatic potential plot of, 326f 
interesting examples, 334 
leaving group, 337 
melting point of, 331t 
nomenclature, 329-330 


physical properties of, 330-331, 331t 


reactions of, 357-361 

with acetylide anions, 434 

with acids HZ, 359-361, 
360f, 361f 

general features, 337 

with organometallic reagents, 
787-788 

reduction, 455-456, 456f 


with strong nucleophiles, 357-359 


reduction of, 455-456, 456f 

ring opening reactions, 1234-1235 
with acids, 359-361 
enantiomers in, 358-359 


nucleophilic substitution reactions, 


357-361 
regioselectivity of, 360 
solubility of, 331t 


206, 206f 
Equatorial bond, 167 
Equatorial hydrogens, 146-147, 
146f, 148f 
Equilibrium, 216-217, 217f, 217t 
acid-base reactions, 65-66 
direction of, 225 
nucleophilic substitution and, 248 
Equilibrium arrow, 60-61, 211t 
Equilibrium constant (Keq), 216-218, 
217f, 217t, 225 
Ergot, 677 
Erlotinib, 438 
Erythrose, 201 
p-erythrose, 1106, 1106f, 1107f 
L-erythrose, 1106, 1106f 
p-Erythrulose, 1108f 
ESI (electrospray ionization), 494 
Esmolol, 84 
Essential amino acids, 742 
Essential fatty acids, 382 
Essential oils, 1208 
Esterification, 237 
Fischer, 882-883, 894 
Esters 
acidity/basicity of, 863t 
boiling point of, 869t 
cholesteryl, 896, 896f 
chromate, 467 
cyclic, 861 
enolates from, 921 
functional group in, 91t 
general structure of, 382 
interesting examples, 871 
IR spectra of, 870t 
leaving group, 757 
melting point of, 869t 
nomenclature of, 865, 867t 
nucleophilic substitution 
reactions, 757 
odors of, 871 
physical properties of, 869t 
pK,, 863t, 922t 
polyesters, 894 
reactions of, 885-889, 892t 


with ammonia and amines to form 


amides, 885 
carboxylic acid preparation 
by malonic ester synthesis, 
936-940 
Claisen reaction, 967-971, 967f 
hydrolysis to carboxylic acids, 
885-886 
lipid hydrolysis, 887-889 
methyl ketone preparation by 


acetoacetic ester synthesis, 936, 


940-943 
reaction with organometallic 
reagents, 783-785 
reduction of, 766-768 
solubility of, 869t 
stability of, 863 
structure and bonding of, 754, 
860, 863 
synthesis of 
from acid chlorides, 876 
from anhydrides, 879 


Estradiol, 53, 164, 803 
analogs of, 420 
function in body, 1218t 
structure of, 420, 1218t 
synthesis of, 298, 299f 
Estragole, 715 
Estrogens, 1217, 1218t 
Estrone, 717 
function in the body, 1218t 
structure of, 783, 1218t 
synthesis of 
from chlorohydrin, 401f 
in Diels—Alder reactions, 618 
using Micheal reaction, 974, 974f 
Eth- (prefix), 127 
Ethambutol, 53, 260, 260f 
Ethanal. See Acetaldehyde 
Ethane 
acidity of, 72, 73f 
bond dissociation energy, 624 
bonds in, 38-39, 42t 
carbon-carbon bond length in, 603 
chlorination of, 563-565, 565f 
conformations of, 137-141, 
139f, 140f 
formation from ethylene and 
hydrogen, 228 
molecular formula, 122, 125t 
nonreactivity of, 87, 88 
structure of, 87, 88, 121 
Ethanedioic acid, 722 
1,2-Ethanediol, 328 
Ethanol, 116 
in acid-base reactions, 65-66 
acidity of, 65-66, 69, 70, 71, 
731, 733f 
in alcoholic beverages, 331, 444 
description, 2 
electrostatic potential plot, 70f, 71f 
in ethy] acetate formation, 228 
isomers of, 18 
NMR spectrum of, 519, 538, 539f 
oxidation of, 470-471 
pKa of, 731, 733f 
as polar protic solvent, 250f 
preparation from ethylene, 381f 
production by fermentation of 
carbohydrates, 331-332, 332f 
reactivity of, 88 
as renewable fuel source, 332, 332f 
sodium ethoxide production 
from, 335 
solubility of, 100 
structure of, 88 
Ethene, 379. See also Ethylene 
Ethers 
boiling point of, 331t 
bonding of, 326 
Claisen rearrangement, 1089 
crown, 107, 333-334, 333f 
cyclic, 329 
electrostatic potential maps, 326f 
formation by alcohol addition to 
alkenes, 395 
functional group, 90t 
infrared (IR) spectra of, 502 
interesting examples, 333-334, 333f 
leaving group, 337 
melting point of, 331t 
nomenclature, 328-329 


I-15 Index 


physical properties of, 330-331, 331t 
preparation by nucleophilic 
substitution reaction, 280 
reactions of 
alkyl halide formation, 355-356 
general features, 337 
with strong acid, 355-356 
simple and complex, 328-329 
solubility of, 331t 
structure of, 325, 326 
symmetrical, 325, 334 
synthesis of 
from alkyl halides, 334-335 
from monosaccharides, 
1119-1120 
by nucleophilic substitution 
reactions, 334-335 
Williamson ether synthesis, 
334, 335 
unsymmetrical, 325, 334 
Ethoxide, 65-66, 71, 249, 732, 733f 
Ethoxy group, 329 
4-Ethoxyoctane, 329 
Ethyl acetate 
in Claisen reaction, 967, 969 
formation from acetic acid and 
ethanol, 228 
as solvent, 882 
structure of, 865 
synthesis of, 882 
Ethyl acetoacetate, 924, 945 
conversion to ketone, 940-942 
synthesis in Claisen reaction, 967 
Ethyl -cyanoacrylate, 1232f 
N-Ethylaniline, 992 
Ethylbenzene, 634 
bromination of, 699 
styrene synthesis from, 701 
Ethyl benzoate, 867t, 969 
Ethyl butanoate, 871 
Ethyl chloride, 89, 241 
Ethy! chloroformate, in crossed Claisen 
reaction, 970 
Ethyl chrysanthemate, 909 
Ethylcyclobutane, 134f 
N-Ethylcyclohexanamine, 1004 
2-Ethylcyclohexanecarbaldehyde, 809 
2-Ethylcyclohexanone, 934 
4-Ethyl-3,4-dimethyloctane, 130f 
5-Ethyl-2,6-dimethyloctane, 130 
Ethylene, 379 
acidity of, 72, 73f 
bond dissociation energies, 418 
bonds of, 39-40, 40f, 42t, 373 
bromine addition to, 631 
as Brénsted—Lowry base, 59f 
electrostatic potential plot, 385, 385f 
ethane formation from, 228 
fruit ripening and, 291 
functional group in, 88, 89t 
in Heck reaction, 1050 
as industrial starting material, 
380, 381f 
Lewis structure, 15-16 
molecular shape of, 26 
monomers in polymerization, 
582-583 
pK, of, 64 
polymerization of, 1230, 1236 
preparation from petroleum, 380 
structure of, 1229f 
synthesis from alkyl tosylates, 353 
Ethylene glycol, 840 
acetal formation from, 837 
in antifreeze, 332f 
formation from PET recycling, 1248 
naming, 328 
in polyester synthesis, 894 


in polyethylene terephthalate (PET), 
1225, 1227f, 1239-1240, 1256 
in polyurethane synthesis, 1240 
preparation from ethylene, 381f 
structure of, 332f 
Ethylene oxide, 330, 1234-1235 
1-Ethy]-2-fluorocyclopentane, 241f 
N-Ethylformamide, 866 
Ethyl formate, in crossed Claisen 
reactions, 969 
Ethyl! group, 128 
2-Ethyl-1-heptene, 376 
Ethyl 2,4-hexadienoate, 985 
Ethyl isopropyl ketone, 812f 
1-Ethyl-3-methylcyclohexane, 133 
Ethyl methyl ether, 532 
Ethyl methyl ketone, 811 
4-Ethyl-5-methyloctane, 130f 
N-Ethyl-N-methylcyclopenatanamine, 
992 
N-Ethyl-N-methyleyclopentylamine, 992 
Ethyl p-aminobenzoate, 703 
3-Ethylpentane, bromination of, 567 
2-Ethyl-1-pentene, 391 
Ethyl phenylacetate, 910 
Ethyl p-nitrobenzoate, 703 
Ethyl propanoate, 497, 498f 
Ethyl tosylate, 353 
Ethyne, 419, See also Acetylene 
Ethynyleyclohexane, 419f, 1063 
Ethynylestradiol, 416, 420, 420f, 777, 
777£, 783, 1218 
Ethyny! group, 419 
Etoposide, 851 
Excited state 
of atom, 35 
of electron, 619-620 
Exergonic reaction, 219 
Exo product, 614, 615-616, 616f 
Exothermic reactions 
addition reaction, 387, 387f 
bond formation and, 212-213, 215 
chlorination, 565, 565f, 569 
energy diagram of, 220, 221f 
enthalpy change and, 219 
hydrogenation, 447 
reaction rate, 270 
transition state in, 269, 270, 270f 
Extraction, 738-740, 738f, 740f 
for separation of amines, 1006- 
1007, 1006f 
Ezetimibe, 198, 765 


E 


Fabric, binding of dyes to, 1029-1030 
a-Farnesene, 381f 
Farnesol, 1209f, 1212 
Farnesyl diphosphate, 1210, 1211f, 
1212, 1214, 1224 
Fats, 384, 450-452, 887-889 
body content of, 1200 
degree of unsaturation, 450-451 
fatty acid composition, 1198, 1198t 
melting point of, 384, 1197-1198 
saturated, 384 
trans, 451-452 
Fat-soluble vitamins, 1204, 1204f, 1205f 
Fatty acids 
characteristics of, 1197 
composition in fats and oils, 
1198, 1198¢ 
essential, 382, 1197 
melting point of, 382, 383t 
omega-3, 383, 384 
oxidation of, 888, 1199 


saturated, 372, 382, 451-452, 
1197-1199, 1197t, 1198t 
synthesis in lipid hydrolysis, 888 
thioesters of, 896 
trans, 451-452 
triacylglycerol formation and, 110 
in triacylglycerols, 382, 384, 
1197-1200, 1197t 
unsaturated, 372, 382, 1197-1199, 
1197t, 1198t 
Feedstock, 1245 
Fehling’s reagent, 1121 
Femara. See Letrozole 
Fenfiuramine, 82 
Fenn, Dr. John, 494 
Fentanyl, 118 
Fermentation, alcohol production by, 
331-332, 332f 
Ferulic acid, 628 
Fexofenadine, 53, 996 
Fibers 
natural, 893, 893f 
synthetic, 893-894 
Fibrinogen, 1149 
Fibrous proteins, 1182 
Fingerprint, of IR spectrum, 497, 497f, 
498f, 499 
First-order kinetics, 227 
of E1 elimination reactions, 301, 303t 
of nucleophilic substitution reactions, 
253-254 
of Sy1 substitution reactions, 262 
First-order rate equation, 227, 253, 254 
Fischer, Emil, 1126 
Fischer esterification, 882-883, 894 
Fischer projection formulas, 
1101-1105, 1103f 
Fischer proof of the structure of glucose, 
1126-1129, 1127f 
Fishhook notation, 210, 211t 
Five-membered rings, synthesis of 
in Dieckmann reaction, 971 
in intramolecular aldol reactions, 
965-967 
Flagpole hydrogens, 148, 148f 
Flat helical ribbon, shorthand for 
&-helix, 1178 
Flat polygons, 188 
Flat wide arrow, shorthand for B-pleated 
sheet, 1178 
Fleming, Sir Alexander, 483 
Flexibilene, 1223 
Flosal, 961 
9-Fluorenylmethoxycarbonyl protecting 
group (Fmoc), 1170, 
1174-1175 
Fluorine 
polarizability, 93-94 
valence electrons of, 12 
Fluorocyclohexane, 234 
Fluoromethane, polarizability and 
boiling point of, 96, 97f 
m-Fluoronitrobenzene, 634 
Fluoxetine, 3, 81, 195, 260, 260f, 
697, 998 
Fmoc (9-fluorenylmethoxycarbonyl 
protecting group), 1171, 
1174-1175 
Folic acid, 1030-1031 
Formal charge, 16-18, 18t 
Formaldehyde, 16 
aldol reactions of, 961, 962 
Bakelite preparation from, 
1243-1244, 1244f 
electrostatic potential map of, 
755, 755f 
formation from methanol 
oxidation, 470 


hydration of, 835 
primary alcohol formed from, 776 
structure of, 810, 815 
uses of, 815 
Formaldehyde hydrate, 835 
Formalin, 815 
Formic acid, 64, 125, 470, 721t, 725 
Formy] group, 812 
Fosamax (alendronic acid), 19 
Fossil fuels, 74, 135-136, 156 
Four-centered transition state, 402 
Fragmentation, 485, 489-491, 490f 
Free energy change (AG°), 216-219, 
217f, 217t 
Frequency 
of electromagnetic radiation, 
494-495, 495f 
of infrared radiation, 496-497 
Friedel, Charles, 667 
Friedel-Crafts acylation, 667f, 
672-678, 707 
alkyl benzene synthesis, 
702-703, 702f 
of benzene, 667f, 702f 
electrophilic aromatic substitution 
reaction, 667f 
general features of, 672 
intramolecular, 677-678, 677f 
ketone synthesis, 667f, 672, 702-703 
limitations of, 691-692 
mechanism of, 674 
Friedel-Crafts alkylation, 667f, 
672-678, 705, 706 
of alcohols, 676 
of alkenes, 676 
in alkyl benzene synthesis, 672-673, 
702-703, 703f 
of benzene, 667f, 702f 
carbon/carbocation rearrangements, 
675-676 
electrophilic aromatic substitution 
reaction, 667f 
general features of, 672 
intramolecular reactions, 678 
limitations in, 691-692 
mechanism of, 673-674 
polyalkylation, 691 
unreactive halides, 674 
Frontalin, 473, 473f 
Frontside attack, in nucleophilic 
substitution reactions, 256 
Frost circle, 653 
Fructofuranose ring, 1131 
Fructose 
D-fructose, 1100, 1108f, 1114, 1115 
stereogenic centers, 174 
in sucrose, 1131 
Fucose, 1147 
Fuels, renewable, 332, 332f 
Fugu, 5, 5f 
Fukui, Kenichi, 1071 
Full-headed curved arrow, 210, 
210f, 211t 
Fumaric acid, 119, 613 
Functional groups, 87-92. See also 
specific functional groups 
compounds containing a C=O group, 
90-92, 91t 
compounds containing a C-Z o bond, 
89, 90t 
definition of, 87 
drawing connection to carbon 
skeleton, 87 
fragmentation pattern in mass 
spectrum, 491 
grouping organic compounds by, 88 
hydrocarbons, 88-89, 89t 
importance of, 91 


infrared (IR) spectrometry and, 496, 
497, 498f, 499-500, 499f, 499t 
intermolecular forces and, 92 
nomenclature of, A—4 
nucleophilic substitutions and, 
278, 278t 
reactivity and, 108-109 
synthesis of, A-14-17 
Funk, Casimir, 102 
Funnel, separatory, 738, 738f 
Furan, 659, 1109 
Furanose(s), 1114-1115 
Furanose rings, 1109, 1114-1115 
Fused bicyclic system, 615f 
Fused ring system, 614, 615f 


G 


Gabapentin, 177 
Gabriel synthesis of primary (1°) 
amines, 1000-1001 
Galactose, 1130 
&-D-galactose, 846 
p-galactose, 1107f, 1124 
in lactose, 229, 229f 
structure, 163 
Wohl degradation, 1124 
Gamma (y) carbon, 721 
Gamma (y) hydroxybutyric acid 
(GHB), 726 
Garlic, 125 
Garsubellin A, 1090 
Gas chromatography—mass spectrometry 
(GC-MS), 492-494, 493f 
Gasohol, 332, 332f 
Gasoline 
additives 
benzene, 88 
BTX mixture, 637 
ethanol, 332 
high-octane, 517, 637 
MTBE, 101 
combustion of, 155 
composition of hydrocarbons in, 
135, 136 
isooctane in, 205 
octane and, 88, 101 
oxidation of isooctane, 205, 215 
refining, 135f 
Gauche conformation, 141f, 142, 
143f, 143t 
GC-MS (gas chromatography—mass 
spectrometry), 492-494, 493f 
Geckos, 93 
Geminal dichloride, 421 
Geminal dihalide, 310 
alkyne synthesis from, 421-422 
synthesis in hydrohalogenation of 
alkynes, 424 
Geminal protons, 536 
Generic name, 126 
Geranial, 816f 
Geraniol, 473, 1209, 1212 
Geranyl diphosphate, 1210-1211, 1211f, 
1212, 1213 
GHB [gamma (y) hydroxybutyric 
acid], 726 
Gibberellic acid, 983 
Gibbs free energy (G°), 216 
Ginger, 612 
Ginkgo biloba, 124, 718 
Ginkgolide B, 859, 887 
Glacial acetic acid, 725 
Gleevec, 872 
Globular proteins, 1182 
D-Glucaric acid, 1122 
Glucitol, 1120 


Glucopyranose 
Q-D-glucopyranose, 1121f 
B-p-glucopyranose, 1135 
Glucosamine, 897 
D-glucosamine, 1134 
Glucose, 845-846 
acyclic aldehyde, 1110, L111f 
anomers of, 1110, 1111f, 
1113-1114, 1113f 
in complex carbohydrates, 110 
conversion to ester, 1119-1120 
conversion to ether, 1119-1120 
diastereomers of, 1110, 1111f 
drawing as cyclic hemiacetal, 
1109-1110, 1111f 
energy in, 1099 
Fischer projection of, 1103, 1103f 
Fischer proof of structure of, 
1126-1129, 1127f 
D-glucose, 1100, 1103, 1105, 1107, 
1107f, 1109-1110, 1111f, 
1114, 1114f, 1120, 1122-1124, 
1126, 1145, 1245 
a-D-glucose, 846, 1110, 1111f, 
1115-1117, 1119, 1130, 1133 
B-p-glucose, 846, 857, 1099f, 
1110, 1111f, 1113, 1116-1117, 
1120, 1130, 1133 
L-glucose, 1105 
glycoside formation from, 1115-1116 
in honey, 1114 
from hydrolysis 
of cellulose, 1133 
of glycosides, 1117 
of maltose, 1130 
of starch, 167, 1134 
in lactose, 229, 229f 
oxidation of, 205, 215, 219, 
1121-1122 
teduction of carbonyl group, 1120 
structure, 110, 163, 168f 
three-dimensional representations for 
D-glucose, 1114f 
Wohl degradation, 1123 
Glucosidase 
a.-glucosidase, 1134 
f-glucosidase, 1133 
Glutamic acid, 752 
abbreviation for, 742t 
isoelectric point for, 1152t 
pKa values for, 1152t 
structure of, 1150f 
Glutamine 
isoelectric point for, 1152t 
pKa values for, 1152t 
structure of, 1150f 
Glutaric anhydride, 714 
Glutathione, 1164 
Glyceraldehyde 
enantiomers of, 1101-1102, 1105 
p-glyceraldehyde, 1100, 1106, 1107f 
-glyceraldehyde, 1105 
(R)-glyceraldehyde, 1101, 1105 
(S)-glyceraldehyde, 1101, 1105 
optical activity, 191 
Glycerol 
naming, 328 
synthesis in lipid hydrolysis, 888 
in triacylglycerols, 382 
Glycine, 742 
abbreviation for, 742t 
in dipeptide synthesis, 
1168-1169, 1172 
isoelectric point for, 1152t 
pKa values for, 1152t 
structure of, 1149f, 1150f 
zwitterion form, 85 


Glycogen, 1134 
Glycolic acid, 16, 70, 1239 
Glycols, 328, 461 
Glycopeptide transpeptidase, 891 
Glycoside(s), 1115-1118 
formation, 1115-1116 
a glycoside, 1115-1117 
B glycoside, 1115-1117 
hydrolysis of, 1117 
naturally occurring, 1118 
N-Glycoside(s), 1135-1138, 1138f 
a-N-glycoside, 1135 
B-N-glycoside, 1135 
Glycosidic bond/linkage 
in disaccharides, 1129-1131 
a-glycosidic linkage, 1131, 
1133-1134 
1-4-a-glycosidic bond, 1130, 
1133-1134 
1-+6-a-glycosidic bond, 
1133-1134 
B-glycosidic linkage, 1130, 
1132-1133, 1135, 1136 
1-94-f-glycosidic bond, 1130, 
1132, 1135 
in polysaccharides, 1132-1134 
Goodyear, Charles, 1237 
Grandisol, 1209 
Graphite, 655 
Green chemistry, 469-470 
Amberlyst A-26 resin and, 469 
definition of, 469 
green polymer synthesis, 1244-1247, 
1245f, 1246f 
Grignard, Victor, 772 
Grignard products, retrosynthetic 
analysis of, 778-781 
Grignard reagents, 772 
addition to nitriles, 901 
organic synthesis with, 792-795 
preparation of, 772 
reaction as base, 774 
reaction with o,}-unsaturated 
carbonyl compounds, 790 
reaction with aldehydes and ketones, 
775-778, 822-823 
reaction with carbon dioxide, 787 
reaction with epoxides, 787-788 
reaction with esters and acid 
chlorides, 784-786 
Ground state 
of atom, 35 
of electron, 619-620 
Group, in periodic table, 9 
Group number, 9, 11 
Grubbs, Robert, 1056 
Grubbs catalyst, 1055-1059, 1059f 
Guanidine, 1041 
Guanine, 1137, 1138f 
p-Gulose, 1107f 
Gutta-percha, 1237, 1238, 1253 
Gypsy moth, 459 


H 


Half-headed curved arrow, 210, 210f, 
2111, 559 
Halides. See also Alkyl halides; Aryl 
halides; Hydrogen halides; 
Vinyl halides 
allylic, 239, 239f 
benzylic, 699-701 
methyl 
Sy2 substitution reactions, 
258, 272 


Index 


organic 
coupling reaction with 
organocuprate reagents, 
1043-1045 
coupling with alkenes (Heck 
reaction), 1043, 1050-1052 
coupling with, organoboron 
reagents (Suzuki reaction), 
1043, 1046-1049 
unreactive, 674 
&-Halo aldehyde or ketone, synthesis of, 
928-932 
Halo alkane, 240 
o.-Halo carbonyl compounds 
reactions of, 932 
synthesis of, 928-931 
a.-Halo carboxylic acids, amino 
acid synthesis from, 
1152-1153, 1155f 
Halocyclohexanes, E2 elimination in, 
306-308 
Haloethanes, 165 
Haloform, 930-93 1 
Haloform reaction, 930-931 
Halogenation 
of activated benzenes, 690-691 
of alkanes, 562-572 
of achiral starting material, 
570t, 571 
bromination, 566-568, 568f 
of chiral starting material, 570t, 
571-572 
chlorination, 563-567, 
569-572, 569f 
energy changes during, 565, 565f 
mechanism of, 563-565 
in organic synthesis, 570 
stereochemistry of, 570-572, 570t 
of alkenes, 386f, 395-398, 398f 
of alkyl benzenes, 699-701 
of alkynes, 426 
of benzene, 667f, 669-670, 694 
of carbonyl compounds, at œ carbon, 
928-932, 931f 
in acid, 929, 931f 
in base, 929-930, 931f 
electrophilic aromatic substitution 
reaction, 667f, 669-670, 
690-691, 692-693 
haloform reaction, 930-931 
monohalogenation, 562 
polyhalogenation, 690 
stereochemistry of, 396-398 
transition states in, 565f, 567, 568f, 
569, 569f 
Halogens 
in alkyl halides, See Alkyl halides 
common nucleophiles, 252t 
as electron-withdrawing groups, 
680-681, 685 
polarizable, 395 
Halo group, 90t 
Halohydrin 
epoxide synthesis from, 336 
synthesis from alkenes, 386f, 
398-400, 400t 
mechanism of, 398-399, 400t 
regioselectivity of, 399-400, 400t 
stereochemistry of, 399-400, 400t 
use in organic synthesis, 401 
Halomethanes, electrostatic potential 
map of, 244f 
Halomon, 240 
Halonium ion, bridged, 396-400, 
400t, 426 
Halothane, 242f, 333 
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essential, 1208 
fatty acid composition, 1198, 1198t 
fish, 1198 
hardening, 1199 
hydrogenation of, 450-452, 
451f, 1199 
insolubility of, 136 
melting points of, 384, 1197~1198 
mineral, 164 
oxidation of, 577 
partial hydrogenation of, 451, 451f 
rancid, 1199 
unsaturated, 384 
vegetable, 887, 889, 1198, 1199 
Oil of ginger, 381f 
Oil refinery, 135f 
Oil spill, 136 
-ol (suffix), 327 
Olefin metathesis, 1056-1060, 
1057f, 1059f 
Olefins, 373. See also Alkenes 
Oleic acid, 372, 505, 1197t 
melting point, 383t 
structure, 110, 383f, 383t 
triacylglycerol formation, 110 
Olestra, 888-889 
Olfactory receptors, 196, 196f 
Olive oil, 384 
Omega carbon, 721 
Omega-3 fatty acids, 383, 384 
-one (suffix), 810 
-onitrile (suffix), 866, 867t 
Open arrow, 434 
Ophrys sphegodes, 122 
Opium, 880 
Opsin, 832, 832f 
Optical activity, 190-191 
of achiral compounds, 190 
of chiral compounds, 191 


dextrorotatory (d) and levorotatory (7) 


compounds, 191 
enantiomeric excess, 192—193 
of racemic mixtures, 191 
specific rotation, 192 
Optical purity, 192-193 
Orajel. See Benzocaine 


Oral contraceptives, 416, 420-421, 420f 


Orbitals, See also Hybrid orbitals; 
Molecular orbitals (MOs); 
specific orbitals 

description, 9-10 

number of electrons in, 10 
Orbital symmetry 

cycloadditions and, 1082 


of electrocyclic reactions, 1075-1076 


sigmatropic rearrangements and, 
1086-1087 

Order, of a rate equation, 226 
Organic chemistry 

definition of, 1 

importance of, 1, 2f 

in marine environment, 4-6, 5f 
Organic halides. See also Alkyl halides 


coupling reaction with organocuprate 


reagents, 1043-1045 
coupling with alkenes (Heck 
reaction), 1043, 1050-1052 
coupling with organoboron reagents 
(Suzuki reaction), 1043, 
1046-1049 
Organic molecules 
aromatic compounds, 630-664 
reactions of, 665-717 
common features of, 4 
drawing structures of, 3, 29-34 
condensed structures, 29-30, 
29f, 30f 


skeletal structures, 31-34, 32f 
examples of, 2—4 
grouping by functional group, 88 
naming, 126 
shape. See Molecular shape 
solubility of, 100-101 
Organic reactions, 205-237. See also 
specific types of reactions 
acid-base, 60-62, 65-66 
arrows used in describing, 
211-212, 211t 
asymmetric, 471 
bimolecular, 226 
bond breaking and bond making, 
209-212, 210f 
bond dissociation energy, 
212-215, 213t 
catalysts, 228, 228f 
endergonic, 219 
endothermic, 212-213 
energy diagrams for, 219-224, 221f, 
222f, 224f 
energy of activation, 220-225, 221f, 
224f, 228, 228f 
enthalpy change in, 212-215, 
218-219 
entropy change in, 218-219 
enzymes in, 229, 229f 
equations for, 206, 206f 
equilibrium constants for, 216-218, 
217f, 217¢ 
exergonic, 219 
exothermic, 212-213, 215 
free energy changes in, 216-219, 
217f, 217t 
general types, A-12-13 
kinetics of, 224-227 
learning details of, 406—407 
mechanisms of. See Reaction 
mechanism 
multistep, 224, 226, 227 
oxidation and reduction reactions, 
154-155, 155f 
poiar, Zi0, 210t 
radical, 210, 210f 
rate of. See Reaction rate 
sequential, 206 
thermodynamics of, 216-218, 
217f, 217t 
types of, 207-208. See also specific 
types of reactions 
unimolecular, 227 
Organic synthesis 
alkenes in, 407-408 
of aspirin, 279, 279f 
carbon-carbon bond-forming 
reactions in, 1042-1068 
definition of, 278 
halogenation reactions, 570 
halohydrin use in, 401 
by nucleophilic substitution reaction, 
278-280, 278t 
reactions with organometallic 
reagents, 792-795 
retrosynthetic analysis, 434-437 
sodium borohydride reductions used 
in, 762f 
Organoaluminum compounds, 1236 
Organoborane, 429, 430, 431 
definition of, 402 
in Suzuki reaction, 1043, 1047-1049 
synthesis of, 1047 
Organocopper reagents. See 
Organocuprate reagents 
Organocuprate reagents, 772 
coupling reactions of, 1043-1045 
general features of, 1043-1044 


hydrocarbon synthesis in, 1045 
stereospecificity of, 1044 
preparation of, 773 
reactions with o,B-unsaturated 
carbonyl compounds, 791 
reactions with acid chlorides, 785 


Organolithium reagents, 772 


addition to nitriles, 901 
in anionic polymerization, 1232 
arylborane synthesis, 1047 
in ethynylestradio] synthesis, 
777, 7776 
in lithium diisopropylamide 
preparation, 923 
preparation of, 772 
reactions 
with aldehydes and ketones, 
775, 822 
as base, 773-774 
with esters and acid chlorides, 
784-785 
with o,B-unsaturated carbonyl 
compounds, 790 


Organomagnesium reagents, 772 
Organometallic reagents, 771-792. See 


also specific reagents 
acetylide anions, 773 
definition of, 771 
organic synthesis with, 792-795 
preparation of, 772-773 
protecting groups and, 781-783, 782f 
reactions 
with acid chlorides, 784-786 
with aldehydes, 775-777, 822-823 
as base, 771, 773-774 
with carbon dioxide, 787 
with carbonyl compounds, 
775-778, 781-783, 782f 
with carboxylic acid derivatives, 
783-786 
with epoxides, 787-788 
with esters, 783-785 
with ketones, 775-778, 777f, 778f, 
822-823 
as nucleophile, 771, 772, 774-775 
rapid acid-base, 781 
summary of, 791-792 
with o,B-unsaturated carbonyl 
compounds, 788-791 


Organopalladium compounds, 1046, 


1048, 1052 


Organophosphorus reagent, 826-827 
Organosodium reagents, 773 

Ortho (prefix), 634 

Ortho, para activator, 682, 684 
Ortho, para deactivator, 682 

Ortho, para director, 682-683, 686, 


687-688, 690f, 692-695, 1024 


-ose (suffix), 1100 
Oseltamivir, 91, 371, 907 
Osmium tetroxide 


as oxidizing agent, 457 
in syn dihydroxylation, 462-463 


Osprey, 288 

Oxalic acid, 722, 725 
Oxaphosphetane, 827 
Oxazaborolidine, 763 
Oxidation, 155f, 444-482 


of alcohols, 457f, 466-471 

of aldoses, 1121-1122 

of alkanes, 154-156 

of alkenes, 445f, 457f, 463-465 

of alkyl benzenes, 701-702 

of alkylborane, 404-405 

of alkynes, 445f, 457f, 465-466 

of carbonyl compounds, 758- 
759, 771 


carboxylic acid synthesis 
from alkyl benzenes, 728 
from alkynes, 728 
from primary alcohols, 728 
definition of, 154, 445, 758 
dihydroxylation, 461-463 
anti, 461, 462 
syn, 461, 462-463 
energy released by, 215 
epoxidation, 457f, 458-461 
Sharpless, 471-473 
stereochemistry of, 458-459 
in synthesis of disparlure, 
459-461, 460f 
of ethanol, 470-471 
of fatty acids, 888 
general scheme for, 445f 
green chemistry, 469-470 
hydroboration-oxidation reactions, 
386f, 401-406, 402f, 403f, 
405f, 405t, 429-430 
of hydrocarbons, 445, 445f 
of lipids, 158 
oxidative cleavage 
of alkenes, 463-465 
of alkynes, 465-466 
of polycyclic aromatic hydrocarbons 
(PAHs), 363 
reduction, relationship to, 445 
of substituted benzenes, 701-702 
of unsaturated fatty acids, 1199 
of unsaturated lipids, 577-578, 578f 
Oxidation and reduction reactions, 
154-155, 155f 
Oxidative addition 
in Heck reaction, 1052 
in palladium-catalyzed reactions, 
1046, 1048, 1052 
in Suzuki reactions, 1048 
Oxidative cleavage 
of alkenes, 463-465 
of alkynes, 465-466, 728 
Oxide, 330 
Oxidized state, 154 
Oxidizing agents, 456-457. See also 
specific agents 
NAD*, 766 
peroxyacids, 456, 457f 
Oxime, 1123 
Oximene, 479 
Oxiranes, 325, 329, 330. See also 
Epoxide(s) 
6-Oxoheptanal, 983 
-oxy (suffix), 329 
Oxycodone, 510 
Oxy-Cope rearrangements, 1088-1089 
Oxygen 
bonding, 13f, 18t 
common nucleophiles, 252t 
in condensed structures, 30 
formal charge, 18t 
infrared (IR) absorptions in oxygen- 
containing compounds, 502 
isotopes of, 492t 
mass of, 492t 
as radical scavenger, 561 
Oxytocin, 862, 1163, 1164f, 1180 
-oyl (suffix), 812 
Ozone, 470 
destruction of atmospheric, 243, 
573-574, 574f 
as oxidizing agent, 456, 463-466 
production of, 463 
synthesis of, 573 
Ozonide, 463, 465 
Ozonolysis, 463-464 


P 


PABA (para-aminobenzoic acid), 621, 
714, 1030-1031 
Padimate O, 621 
PAHs. See Polycyclic aromatic 
hydrocarbons (PAHs) 
Pain reliever, 943. See also Analgesics 
Palau’amine, 514, 540 
Palladium-catalyzed reactions, 228 
alkene reduction, 447 
alkyne reduction, 453, 455f 
general features of, 1046 
Heck reaction, 1043, 1050-1052 
hydrogenation of aldehydes and 
ketones, 761 
oxidative addition in, 1046, 
1048, 1052 
in peptide synthesis, 1171-1172 
reductive elimination in, 1046, 
1048, 1052 
Suzuki reactions, 1043, 1047—1049 
Palmitic acid, 1197, 1197t 
Palmitoleic acid, 1197t 
Palm oil, 1198 
Palytoxin, 324 
Pantothenic acid, 104 
Para (prefix), 634 
Para red, 1029 
Parent ion, 485, See also Molecular ion 
Parent name, 126 
Parkinson’s disease, treatment of, 7, 48, 
49, 997f, 998 
Paroxetine, 83, 335 
Parts per million (ppm), 517 
Patchouli alcohol, 345f, 1222 
PCB (polychlorinated biphenyl), 101 
PCC (pyridinium chlorochromate), 
457, 466 
Peanut butter, 450, 451 
PEG (polyethylene glycol), 1234 
Penicillamine, 1188 
Penicillin(s), 872, 891-892 
discovery of, 483 
penicillin G, 113, 165, 483, 505 
Pentacycloanammoxic acid methyl 
ester, 1094 
Pentadecane, 125t 
1,4-Pentadiene, 594-595, 595f, 605 
(3E)-1,3-Pentadiene, hydrogenation 
of, 605 
Pentalene, 658 
Pentamethy! ether, 1119 
2-Pentanamine, in E2 elimination 
reaction, 1019, 1019f 
Pentane, 486-487, 605 
boiling point, 96 
constitutional isomers of, 125t 
melting point of, 98 
molecular formula, 125t 
structure, 123 
van der Waals forces, 93, 93f, 95 
2,4-Pentanedione, 917, 921, 945, 946 
3-Pentanol, 779 
2-Pentanone 
mass spectrum of, 491 
preparation from an acid chloride and 
an organocuprate reagent, 786 
3-Pentanone, boiling point of, 96, 97f 
1-Pentene, 486-487 
2-Pentylcinnamaldehyde, 961 
1-Pentyne, 486-487 
Peptide bonds, 1160, 1162-1163 
s-cis conformation, 1162 
s-trans conformation, 1162-1163 
planar geometry of, 1162-1163 
Peptides, 871-872, 1160-1175 
constitutional isomers, 1161 


interesting examples, 
1163-1164, 1164f 
N- and C-terminal amino acids, 1161 
peptide bond in, 1160, 1162-1163 
sequencing, 1165 
amino acid analysis, 1165 
Edman degradation, 1165-1166 
partial hydrolysis of peptide, 
1167-1168, 1167t 
simple, 1160-1162 
synthesis of, 1168-1175 
automated, 1173-1175 
protecting groups in, 1169-1173 
solid phase technique, 1173-1175 
Percent s-character, 44, 72 
bond length and, 603 
effect on basicity of amines, 1012 
hybrid orbital in alkenes, 294 
infrared (IR) absorption and, 500 
Percent transmittance, 497 
Perfume, 453 
Pericyclic reactions, 1069-1097 
defined, 1070 
rules for, 1090, 1090t 
types, 1070-1071 
cycloaddition reactions, 
1081-1085 
electrocyclic reactions, 1075-1081 
sigmatropic rearrangements, 
1085-1090 
Period, in periodic table, 9 
Periodic table, 8-11 
bond length trends, 25 
element location and bonding 
type, 11 
of elements common in organic 
chemistry, 9f 
first-row elements, 9f, 10 
organization of, 9 
second-row elements, 9f, 10-11 
bonding of, 13 
exceptions to octet rule, 19 
shape arrangements, 25 
third-row elements, 19 
trends 
acidity, 67-69 
in bond dissociation energies, 214 
electronegativity, 45, 45f 
in leaving group ability, 247 
nucleophilicity, 249, 250, 251 
Periplanone B, 506, 964, 964f, 
1069, 1222 
Perkin, William Henry, 1028-1029 
Perlon. See Nylon, Nylon 6 
Peroxide, as radical initiator, 560 
Peroxyacetic acid, 457f, 458 
Peroxyacids 
in epoxidation, 458-460 
as oxidizing agents, 457f 
Peroxy radical, 577, S78f, 1228 
Pesticide, 243 
PET. See Polyethylene terephthalate 
(PET) 
Petroleum, 120, 135-136, 135f 
ethylene preparation from, 380 
as feedstock of polymer synthesis, 
1245 
Ph- (abbreviation), 635 
PHAs (polyhydroxyalkanoates), 
1249-1250 
PHB (polyhydroxybutyrate), 1249 
PHBV (polyhydroxyvalerate), 1249 
a-Phellandrene, 1209f 
Phenanthrene, 644, 659, 664 
Phenol(s), 634 
acidity of, 731, 733f 
as antioxidants, 579 
in aspirin synthesis, 279, 279f 


Bakelite preparation from, 
1243-1244, 1244f 
benzene conversion to, 164 
formation from anisole, 356 
homolysis reaction, 237 
hydroxy group of, 325 
naming, 635 
pK, of, 731, 733f 
polyhalogenation of, 690 
synthesis from aryl diazonium 
salts, 1022 
Phenoxide, 732, 732f, 733f 
Phentermine, 82 
Phenylacetaldehyde, 810f, 919 
Phenylacetic acid, 984 
Phenylalanine 
abbreviation for, 742t 
isoelectric point for, 1152t 
N-acetyl, 1160 
pKa values for, 1152t 
structure of, 1150f 
synthesis of, 1154, 1160 
Phenyleyclohexane 
conformations of, 218 
phenyl group in, 88, 89 
Phenylethanal, 810f 
2-Phenylethylamine, 1004 
derivatives of, 997-998 
in Hofmann elimination 
reaction, 1017 
Phenyl group, 88, 89, 89t, 635 
Phenyl isothiocyanate, 1165-1166 
(1Z,3E)-1-Phenyl-1,3-octadiene, 1049 
2-Phenylpropanoic acid, 204 
1-Phenyl-1-propanol, 287 
N-Phenylthiohydantoin (PTH), 
1165-1166, 1193 
N-Phenylthiourea, 1166 
Pheromones, 121, 122, 459-461, 460f, 
473, 473f, 878, 964, 964f, 
1042, 1049 
Phomallenic acid C, 438 
Phosgene, 1241 
Phosphatidylcholine, 1201 
Phosphatidylethanolamine, 1201 
Phosphine, in palladium-catalyzed 
reactions, 1046 
Phosphoacylglycerols, 1201-1202, 
1202f, 1203f 
Phosphodiester, 1201, 1202, 1203, 1203f 
Phospholipids, 117 
in cell membranes, 106-108, 106f, 
107f, 108f, 1201-1203 
phosphoacylglycerols, 1201—1202, 
1202f, 1203f 
sphingomyelins, 1203, 1203f 
structure of, 106, 106f, 1201 
Phosphoric acid, 1201 
Phosphoric acid diester, 1201 
Phosphorus, octet rule exceptions in, 19 
Phosphorus oxychloride, dehydration of 
alcohols using, 344, 345f 
Phosphorus tribromide, conversion of 
alcohols to alkyl halides with, 
349, 350, 350t 
Photochemical electrocyclic reactions, 
1079-1080 
Photons, 495-496 
Photosynthesis, 332, 332f, 1099 
Phthalic acid, 702 
Phthalimide, 1000 
Phylloquinone, 103 
Physical properties. See Boiling point; 
Melting point; Solubility 
Pi* (n*) antibonding molecular orbital, 
651, 651f 
Pi (7) bond, 40, 40f, 41, 42f, 42t, 43 
in alkene double bond, 291 
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in alkenes, 373, 374, 385-388, 407 
in alkynes, 310, 311f, 417-418, 
422, 423f 
in aromatic compounds, 88, 631, 632 
of benzyne, 699 
breakage in addition reactions, 208, 
373, 385-388, 386f, 394, 395, 
396, 398, 407 
bromination as test for, 395 
Brgnsted-Lowry bases and, 
59-60, 59f 
in carbonyl group, 90, 754-755, 756 
in conjugated allyl carbocation, 596 
in cycloaddition reactions, 1071, 
1081-1084, 1085t 
degrees of unsaturation and, 374, 
449-450 
delocalized, 605 
in electrocyclic reactions, 1070, 
1075, 1077-1090, 1080t 
formation in elimination reactions, 
207, 289-290, 301, 304, 
310, 311f 
in functional groups, 87, 108-109 
in Lewis base, 77, 79 
radical reactions with, 561, 584 
in resonance structure, 71 
in sigmatropic rearrangements, 1071, 
1085-1088 
strength, 373 
Pi (x) bonding molecular orbital, 
651, 651f 
Picometer (pm), 25 
Pi (1). electrons 
in aromatic compounds, 636, 640, 
641-642, 642t, 645-653 
in benzene, 632, 633, 666 
Hiickel’s rule and, 641-642, 642t, 
650-653, 657, 658 
in NMR spectroscopy, 
525-526, 526t 
Pinacol, 371 
Pinacolone, 371 
o-Pinene, 1222 
Piperidine 
basicity of, 1012, 1013t 
structure, 992 
Pitavastatin, 987 
Pitocin. See Oxytocin 
Pivalic acid, 64 
pK, values, 63-72, A-1-2 
acid strength and, 63-64 
of amines, 1005, 1007-1008, 1013t 
of amino acids, 1151, 1152, 1152t 
of carbonyl compounds, 920, 
921t, 922t 
definition, 63 
of leaving groups in nucleophilic 
substitution reactions, 247 
logarithmic scale of, 64 
of selected organic compounds, 63t 
of strong acids, 74 
of strong bases, 75 
PLA (polylactic acid), 894 
Planar carbocation, 392, 1116-1117 
Planar double bond, 392, 397, 402, 404 
Planar molecule 
benzene, 632-633 
Hiickel’s rule, 641 
Planar radical, 571-572 
Plan B, 421 
Plane of symmetry, 172-173 
in disubstituted cycloalkanes, 188 
of meso compound, 186 
Plane-polarized light, 190 
Plaque, atherosclerotic, 896, 896f 
Plastic, polyethylene, 89 
Plasticizers, 101, 1244 
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Reaction mechanism 
bond cleavage, 209 
bond formation, 211 
concerted, 209 
definition of, 209 
energy diagram for a two-step, 
222-224, 224f 
rate equations and, 226-227 
stepwise, 209, 222-224, 227 
Reaction rate 
carbocation stability and, 268 
catalysts and, 228, 228f 
concentration effect on, 225, 226-227 
of endothermic reactions, 221f, 
269-270 
energy of activation (Z,) and, 225 
of exothermic reactions, 221f, 270 
nucleophilic substitution reactions, 
268, 270-271, 271f, 273-275 
rate-determining step, 224, 227 
temperature effect on, 225 
Reactions, See Organic reactions 
Reactive intermediate 
carbanion, 210-211, 210f 
carbocation, 210-211, 210f, 
262-263, 264, 343 
description of, 209 
radicals, 210-211, 210f 
synthetic intermediate compared, 408 
in two-step reaction mechanism, 223 
Reactivity, functional groups and, 
108-109 
Reagent, 206, 206f 
Rebaudioside A, 1118 
Receptors, olfactory, 196f 
Recycling of polymers, 1225, 
1247-1249, 1248t 
Red seaweed (Asparagopsis 
taxiformis), 238 
Reduced state, 154 
Reducing agents, 446, See also 
specific agents 
chiral, 763 
metal hydride reagents, 446, 
760-762, 766-770, 770t 
NADH, 765-766 
Reducing sugars, 1121, 1121f, 1130 
Reduction, 154-155, 155f, 444-482 
of acid chlorides and esters, 766-768 
of alkenes, 445, 445f, 447-450 
of alkyl halides, 455-456, 456f 
of alkynes, 445, 445f, 452-455, 455f 
to alkanes, 445f, 452-453, 455f 
to cis alkene, 452, 453, 455f 
to trans alkene, 452, 454-455, 455f 
of amides to amines, 769, 1001 
of aryl ketones to alkyl benzenes, 
702-703 
asymmetric, 763 
of carbonyl compounds, 758-770 
biological, 765-766 
carboxylic acids and derivatives, 
766-770 
by catalytic hydrogenation, 761 
enantioselective, 763-766, 764f 
with metal hydride reagents, 
760-762, 762f, 770t 
stereochemistry of, 762-763 
of the carbonyl group of 
monosaccharides, 1120 
Clemmensen, 702 
definition of, 154, 445, 758 
dissolving metal, 446, 454 
of epoxides, 455-456, 456f 
general scheme for, 445f 
of hydrocarbons, 445, 445f 
hydrogenation, 447-452 
of ketones to amines, 1002-1005 


of nitriles, 898, 900-901, 1001 
of nitro groups, 703-704 
oxidation, relationship to, 445 
of polar C-X sigma (6) bonds, 
455-456 
of substituted benzenes, 702-704 
of triple bonds, 452-455, 455f 
Wolff—Kishner, 702 
Reductive amination, of aldehydes and 
ketones to amines, 1002-1005 
Reductive elimination 
in Heck reaction, 1052 
in palladium-catalyzed reactions, 
1046, 1048, 1052 
in Suzuki reactions, 1048 
Refining, 135-136, 135f 
Refrigerant, 243 
Regioselectivity 
of alcohol dehydrations, 338 
of El elimination reactions, 303 
of E2 elimination reactions, 299, 
306, 307 
of electrophilic addition of hydrogen 
halides, 389 
of epoxide ring-opening reactions, 
359-360 
of halohydrin formation, 
399-400, 400t 
of Hofmann elimination, 1018 
of hydroboration, 403, 405t 
Reserpine, 914, 1083 
Resolution, 194 
of amino acids, 1155-1158, 1156f 
Resolving agent, 1156 
Resonance, 19-24 
of allylic carbocations, 596-597, 596f 
allyl type, 597-599 
benzene, 632 
examples of, 597-599 
theory principles, 20 
usage of term, 596 
Resonance delocalization, 71 
Resonance effects 
on acidity, 70-71, 71f, 73f 
on basicity of amines, 1013t 
electron-donating, 679-681 
electron-withdrawing, 679-681 
on substituted benzenes, 679-681 
Resonance hybrid, 19, 23-24, 96 
of benzene, 632 
drawing, 24 
electron delocalization, hybridization, 
and geometry, 600-601 
major and minor contributors, 23—24 
major contributor to, 599-600 
minor contributors to, 599-600 
Resonance stabilization, of carboxylic 
acids, 731-732, 732f, 733f 
Resonance-stabilized allyl carbocation, 
596-597, 596f, 597f 
Resonance-stabilized carbocation, 425, 
428, 596-597, 596f, 597f, 
606-607, 609 
in electrophilic aromatic substitution 
reaction, 667, 669 
in glycoside formation, 1116 
in glycoside hydrolysis, 1117 
Resonance-stabilized radical, 576, 577 
Resonance structures, 19-24, 596-601 
of acetate, 731, 733f 
acidity and, 70-71 
of allyl radical, 574-575 
of benzylic radical, 699 
of carboxylic acid derivatives, 862 
cations with positive charge adjacent 
to lone pair, 598 
conjugated allyl carbocation, 
596-597 
of conjugated dienes, 604-605 


double bond 
conjugated, 598 
major contributor, 599—600, 604 
minor contributors, 599—600, 604 
with one atom more 
electronegative than the other, 
598, 599 
drawing, 20-23 
of enolates, 919 
of enols, 919 
IR spectrum and, 814 
isomers compared to, 20 
of naphthalene, 644 
of phenoxide, 732, 732f, 733f 
stability of, 599-600 
of substituted benzenes, 679-680 
three atom allyl system, 597, 599 
of &,B-unsaturated carbonyl 
compound, 972 
of Wittig reagent, 826 
Resveratrol, 590 
Retention of configuration 
in chlorination, 572 
in conversion of alcohols to alkyl 
tosylates, 352, 354 
in oxidation of alkylborane, 404 
in Sy2 substitution reaction, 256 
Retention time, in gas 
chromatography, 492 
Retinal, 832, 832f 
11-cis-Retinal, 379 
Retinol, 102-103 
Retro Diels-Alder reaction, 617 
Retrosynthetic analysis, 408, 434—437 
in acetoacetic ester synthesis, 
941-942 
in benzene derivative synthesis, 
1024-1025 
of Diels-Alder product, 616-617 
of disparlure, 459-460 
of Grignard products, 778-781 
of Heck reaction, 1051 
in matonic acid synthesis, 939-940 
organometallic reagent reactions, 
793-795 
in phenylethylamine 
preparation, 1004 
in substituted benzene syntheses, 704, 
705-707 
synthesis of m-bromoaniline from 
benzene, 704 
using aldol reaction, 959-960 
Wittig reaction, 828-829 
RF radiation, 515-516, 547—548 
R group, 87, 127 
identity in Sy1 substitution reactions, 
266, 266t 
identity in Sy2 substitution reactions, 
258-259, 260t 
Rhodium, 1159 
Rhodopsin, 832, 832f 
Ribbon diagrams, 1178 
a-D-Ribofuranose, 1114, 1135 
B-p-Ribofuranose, 1114 
Ribonucleosides, 1136 
Ribonucleotides, 1137 
D-Ribose, 1106, 1107f, 1114, 1136 
D-Ribulose, 1 108f 
Rimantadine, 1005 
Ring-closing metathesis (RCM), 
1059-1060, 1059f 
Ring expansion reactions, 966 
Ring-flipping, 147-148, 148f, 152 
Ring formation 
in aldol reaction, 966, 966f 
in Robinson annulation, 974-978 
Ring strain, 814 
RNA, 1137, 1138, 1138f 
Robinson, Sir Robert, 974 


Robinson annulation, 974-978 
Rocaltrol. See Calcitriol 
Rofecoxib, 984, 1207 
Rosuvastatin, 980 
Rotation 

around carbon-carbon bonds, 

137-138 

barrier to, 143 

restricted, 292-293, 292f, 374t 
Row, in periodic table, 9 
Rowland, F. Sherwood, 573 
RU 486, 421 
Rubber, 1226f, 1237-1238, 1237f 
Rubbing alcohol, 332f 
Ruthenium, 1056 


S 


S (prefix), 178-182, 187 
Saccharin, 1131, 1132f 
Safflower oil, 384 
Safrole, 841, 1039 
Salicin, 76f, 726, 1118 
Salicylamide, 910 
Salicylates, 76 
Salicylic acid, 726, 908, 1256 
Salmeterol, 361, 361f, 764f, 805 
Salsolinol, 854 
Salts 
Brgnsted—Lowry bases and, 59 
of carboxylic acids, 726 
formation of, 12 
negatively charged nucleophile, 245 
SAM (S-adenosylmethionine), 204, 
260, 261 
Samuelsson, Bengt, 727 
Sand bee, 122 
Sandmeyer reaction, 1022 
Santalbic acid, 418 
Saponification, 886, 889 
Saponins, 104 
Saquinavir, 2U3 
Saran, 1234 
Saturated fats, 383 
Saturated fatty acid, 372, 382 
Saturated hydrocarbons, 121 
Saytzeff rule, 299 
SBR (styrene—butadiene rubber), 
polymerization of, 1234 
Sch38516, 1059 
s-character, of hybrid orbitals, 72 
Schiff base, 830 
Schrock, Richard, 1056 
s-cis conformation, 602, 612 
Scombroid fish poisoning, 646 
Scopolamine, 988 
Seashells, chiral helical, 173 
Seaweed, 238, 243 
Sebacic acid, 1256 
sec- (prefix), 127 
Secondary (2°) alcohols, 406 
classification as, 325 
conversion to alkyl halides with HX, 
345-348, 350t 
conversion to alkyl halides with 
phosphorus tribromide, 
350, 350t 
conversion to alkyl halides with 
thionyl chloride, 349, 350t 
dehydration by E1 mechanism, 
339-340 
hydrogen bonding extent, 330 
oxidation to ketones, 466, 467 
from reactions of aldehydes with 
organometallic reagents, 
774-775 
from reduction of ketones, 450, 759, 
760, 761 


Secondary (2°) alkyl halides 
acetylide anion reactions with, 432 
classification as, 239 
E1 elimination reactions, 303, 313f 
E2 elimination reactions, 297, 313f 
example of, 239f 
Syl substitution reactions, 266, 272, 
272f, 313f 
Sy2 substitution reactions, 258, 272, 
272£, 313f 
synthesis of, 345 
Secondary (2°) amides, 861, 866, 868- 
869, 877, 879, 885 
Secondary (2°) amines 
addition to aldehydes and ketones, 
833-834, 834f 
from direct nucleophilic 
substitution, 999 
IR spectra of, 994, 994f 
nomenclature, 991-992 
proline, 1151 
reactions with acid chlorides and 
anhydrides, 1015 
reactions with aldehydes and 
ketones, 1015 
reactions with nitrous acid, 1021 
from reduction of amides, 1001 
structure of, 989 
Secondary carbon (2°), 123-124 
Secondary hydrogen (2°), 123-124 
Secondary structure, of proteins, 
1176-1179, 1177f, 1178f, 
1179f, 1181f 
Second-order kinetics, 226 
of E2 elimination reactions, 295 
in nucleophilic substitution reactions, 
253-254 
Second-order rate equation, 226, 
253, 254 
Selective serotonin reuptake inhibitors 
(SSRIs), 998 
Separation, of amino acids, 1155-1158 
Separatory funnel, 738, 738f 
Septet, NMR spectrum, 531t, 534 
Serevent. See Salmeterol 
Serine 
abbreviation for, 742t 
isoelectric point for, 1152t 
PK, values for, 1152t 
structure of, 1150f 
Serotonin, 910, 998 
Sertraline, 638f, 665, 678 
B-Sesquiphellandrene, 612 
Sex hormones, 1217, 1218, 1218t. See 
also specific hormones 
Sex pheromone, 964, 964f, 1042, 1049 
Sextet, NMR spectrum, 531t, 535f 
Shark liver oil, 158 
Sharpless, K. Barry, 471 
Sharpless epoxidation, 471-473, 1159 
Sharpless reagent, 471, 472 
Shell, of electrons, 9-10 
Shielding effects, in NMR, 522-524, 
523f, 526t, 527f 
1,2-Shifts, 341-343 
Shikimic acid, 91 
Sickle cell anemia, 1185 
Sickle cell hemoglobin, 1184-1185 
Side chain, of amino acid, 1149, 
1151, 1152t 
Sigma (6) bond, 34, 36, 39-43, 40f, 
42, 42t 
in alkanes, 88 
in alkenes, 291, 373 
in alkynes, 417-418 
breakage in addition reactions, 208 
carbon—oxygen, 325 


in cycloaddition reactions, 1071, 1081 
in electrocyclic reactions, 1070, 
1075, 1076, 1077 
formation in addition reactions, 385, 
386f, 387 
formation in elimination 
reactions, 207 
functional groups that contain 
C-Z © bonds, 89, 90t 
hyperconjuation, 267-268 
inductive effect and, 69, 267 
length in conjugated dienes, 603-604 
radical reactions with, 560, 561 
reduction of polar C-X bonds, 
455-456 
rotation around, 137-138 
in sigmatropic rearrangements, 1071, 
1085-1088 
in substitution reactions, 207, 252 
Sigmatropic rearrangement, 1085-1090 
Claisen rearrangement, 1089-1090 
Cope rearrangement, 1088-1089 
description of, 1071 
orbital symmetry and, 1086-1087 
Woodward-Hoffmann rules for, 1087t 
Sildenafil, 638f 
Silent Spring, 243 
Silk, 893, 893f 
binding of dyes to, 1029 
structure of, 1178, 1179f 
Silver(I) oxide, 1119 
in aqueous ammonium hydroxide, 771 
as oxidizing agent, 457 
Silyl ether, 782 
Simmons, H. E., 1055 
Simmons—Smith reaction, 1055-1056 
Simmons-—Smith reagent, 1056 
Simvastatin, 177, 603, 603f, 1217, 1217f 
Sinemat, 48 
a-Sinensal, 755 
Singlet, NMR spectrum, 529, 531t, 
533, 538 
Sirenin, 1065 
Sitagliptin, 647 
Six-membered ring, synthesis of 
in aldol reaction, 966, 966f 
in Dieckmann reaction, 971-972 
in Robinson annulation, 975-978 
Skeletal structures, 31-34, 32f 
with charged carbon atoms, 33-34 
interpreting, 31, 32f 
Smith, R. D., 1055 
Syl substitution reactions, 262-272 
alcohol conversion to alkyl halide, 
346-348 
alkyl halide identity in, 272, 272f 
applications of, 271-272 
carbocation stability, 266-268 
Hammond postulate and, 268-271 
hyperconjugation and, 267-268 
inductive effects and, 267 
El elimination reaction compared, 
304-305, 311-315, 312f-313f 
E2 elimination reaction compared, 
311-315, 312f-313f 


stereochemistry, 264-265, 264f, 266t 
transition state in, 263, 263f, 274 
two-step mechanism for, 

262-263, 266t 
as unimolecular, 254, 262 


Sy2 substitution reactions, 254-262 


in acetoacetate ester synthesis, 941 
acetylide anion reactions with alkyl 
halides, 431-433 
acetylide anion reaction with 
epoxides, 434 
alcohol conversion to alkyl halide 
with HX, 346-347 
with phosphorus tribromide, 350 
with thionyl chloride, 349 
alcohol synthesis from alkyl halides, 
334-335 
alkyl halide identity in, 272, 272f 
alkyl halide with ammonia or amine, 
999-1000 
alkyl tosylate reactions, 353-354 
applications of, 260-262, 260f, 261f 
in automated peptide synthesis, 1174 
backside attack in, 256-257, 273 
direct enolate alkylation, 933 
El elimination reactions compared, 
311-315, 312f-313f 
E2 elimination reactions compared, 
311-315, 312f-313f 
energy diagrams for, 255, 255f, 259f 
epoxide ring opening reactions, 
357-358 
epoxide synthesis from 
halohydrin, 336 
epoxy resin synthesis, 1241 
ethers with strong acids, 355-356 
ether synthesis from alky] halides, 
334-335 
features of, 254, 260t 
frontside attack in, 256 
of &-halo acids with ammonia, 
1152-1153, 1155f 
of o-halo carbonyl compounds, 
932, 932f 
kinetics of, 254, 260t 
leaving group in, 256-257, 274-275 
in malonic ester synthesis, 938 
nitrile synthesis, 897 
nucleophile strength in, 273-274 
one-step mechanism for, 
254-255, 260t 
organic synthesis, 278, 278t, 280 
reduction of alkyl halides, 456, 456f 
reduction of epoxides, 456, 456f 
R group in, 258-259, 260t 
Syl reactions compared, 272-276, 
272f, 276t, 311-315, 312f-313f 
solvent effects on, 275 
stereochemistry of, 256-258, 
257f, 260t 
steric hindrance and, 258-259, 
258f, 260t 
transition state, 255, 255f, 257-259, 
257f, 274 


energy diagram for, 263, 263f, 271f 

ethers with strong acids, 355-356 

features of, 262 

kinetics of, 262, 266t 

leaving group in, 265, 274-275 

nucleophile strength in, 273-274 

racemization in, 264—265, 264f 

rate-determining step, 270 

R group in, 266, 266t 

Sy2 reactions compared, 272-276, 
272£, 276t, 311-315, 312f-313f 

solvent effects on, 275 


Soap, 104-105, 105f, 886, 889 

Sodium, in dissolving metal reductions, 
446, 454 

Sodium acetate, 99, 722f 

Sodium amide, for alkyne synthesis by 
dehydrohalogenation, 310, 311f 

Sodium benzoate, 726, 739 

Sodium bisulfite, 462 

Sodium borohydride, 446, 760-762, 
762f, 770t, 821, 1120 

Sodium chloride, 12, 96, 98 

Sodium cyanoborohydrideé, for reductive 
amination of aldehydes and 
ketones, 1002, 1003 
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Sodium dichromate, 457, 466 
Sodium ethoxide, 290t, 335 
Sodium hydroxide 
in dehydrohalogenation reactions, 
290, 290t 
use in extraction procedure, 
738-739, 740f 
Sodium hypochlorite, 470 
Sodium iodide, 1023 
Sodium methoxide, 290t, 335 
Sodium nitrite, 271-272 
Sodium salicylate, 726 
Soft coral (Capnella imbricata), 433 
Solanine, 1118 
Solid phase technique, of amino acid 
synthesis, 1173-1175 
Solubility, 99-102, 101f 
of alcohols, 331t 
of aldehydes and ketones, 813t 
of alkanes, 136, 137t 
of alkenes, 380 
of alkynes, 419 
of amines, 993t 
of carboxylic acids, 723t 
definition of, 99 
of epoxides, 331t 
of ethers, 331t 
intermolecular forces and, 
99-102, 99f 
“like dissolves like,” 99 
of lipids, 156, 1195 
of monosaccharides, 1108, 1120 
soap and, 104-105, 105f 
of vitamins, 102-104 
Solute, 99 
Solvent effects, on nucleophilic 
substitution reactions, 
250-252, 250f, 251f, 275, 276t 
Solvents, 99 
alkyl halides, 242 
in El elimination reactions, 303t 
in E2 elimination reactions, 297, 298t 
for extraction procedure, 737-739, 
738-740, 738f, 739f, 740f 
liquid, 206 
nonpolar, 99 
nucleophilicity and, 250-252, 275 
organic, 99, 100 
polar, 99 
polar aprotic, 251, 251f, 275, 276t, 
297, 298t, 925 
polar protic, 250, 250f, 275, 275t, 
276t, 303t, 926 


s orbitals 


description, 9-10 
hybridization of, 34-43, 36f-37f, 40f, 
42f, 42t 
ls orbital, 10, 34 
2s orbital, 10, 35-36, 37f 
Sorbitol, 187, 1120 
p-Sorbose, 1108f 
Sorona, 1246, 1246f 
Spam, 271 
Spandex, 1240 
Spearmint, odor of, 196 
Specific rotation, 192 
Spectator ions, 59 
Spectrometer, NMR, 516-517, 516f 
Spectroscopy, 485 
Spermaceti wax, 1196 
Spermine, 989 
SPF rating (sun protection factor), 621 
Sphingomyelins, 1203, 1203f 
Sphingosine, 1203 
sp hybrid orbitals, 35-37, 37f, 41, 
42f, 42t 
in alkynes, 417, 418, 422, 423 
percent s-character, 44, 72 


Common Abbreviations, Arrows, 
and Symbols 


Abbreviations 
Ac acetyl, CH;CO- 
BBN 9-borabicyclo[3.3.1]nonane 
BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthy] 
Boc tert-butoxycarbonyl, (CH;);COCO- 
bp boiling point 
Bu butyl, CH3CH,CH,CH,- 
CBS reagent Corey—Bakshi—Shibata reagent 
DBN 1,5-diazabicyclo[4.3.0]non-5-ene 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
DEC dicyclohexylcarbodiimide 
DET diethyl tartrate 
DIBAL-H diisobutylaluminum hydride, [(CH3),CHCH,],AlH 
DMF dimethylformamide, HCON(CH3), 
DMSO dimethyl! sulfoxide, (CH3).S=O 
ee enantiomeric excess 
Et ethyl, CHCH,- 
Fmoc 9-fluorenylmethoxycarbonyl ' 
HMPA hexamethylphosphoramide, [(CH3).N],;P=O 
HOMO highest occupied molecular orbital 
IR infrared 
LDA lithium diisopropylamide. LiN[CH(CHa)21, 
LUMO lowest unoccupied molecular orbital 
m- meta 
mCPBA m-chloroperoxybenzoic acid 
Me methyl, CH;- 
MO molecular orbital 
mp melting point 
MS mass spectrometry 
MW molecular weight 
NBS N-bromosuccinimide 
NMO N-methylmorpholine N-oxide 
NMR nuclear magnetic resonance 
0- ortho 
p- para 
PCC pyridinium chlorochromate 
Ph phenyl, C6H5- 
ppm parts per million 
Pr propyl, CH;CH,CH,- 
RCM ring-closing metathesis 
ROMP ring-opening metathesis polymerization 
TBDMS tert-butyldimethylsilyl 
THF tetrahydrofuran 
TMS tetramethylsilane, (CH3),4S1 
Ts tosyl, p-toluenesulfonyl, CH;C,H,SO.- 
TsOH p-toluenesulfonic acid, CH;Cg,H,SO3H 


UV ultraviolet 


Arrows 


Ss 


oo 


<_ 


7™ 
ars 


| 


reaction arrow 

equilibrium arrows 

double-headed arrow, used between resonance structures 

full-headed curved arrow, showing the movement of an electron pair 
half-headed curved arrow (fishhook), showing the movement of an electron 
retrosynthetic arrow 

no reaction 


dipole 

light 

heat 

partial positive charge 
partial negative charge 
wavelength 

frequency 
wavenumber 
Brgnsted—Lowry acid 
Brgnsted—Lowry base 
nucleophile 
electrophile 

halogen 

bond oriented forward 
bond.oriented behind 
partial bond 

transition state 
oxidation 

reduction 


Common Element Colors Used in Molecular Art 
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About the Cover The complex chemistry that allows an anemonefish to live among the 
stinging tentacles of a sea anemone has attracted the attention of chemists, biochemists, 
and chemical biologists. Over the last 25 years it has been shown that anemonefish are 
covered in a mucous coating that protects them from the protein neurotoxin used by the 
sea anemone to ward off predators and kill prey. Moreover, the symbiosis between sea 
anemones of the genus Heteractis and the pink anemonefish Amphiprion perideraion is 
initiated by the secretion of amphikuemin, a compound of molecular formula Cj6H26N3O3 
derived from the amino acid lysine. The details of many of the chemical phenomena in 
this intricate biological system are as yet unknown and awaiting discovery. 


| Student Study Guide/Solutions Manual 


Written by Janice Gorzynski Smith and Erin Smith Berk, the Student Study Guide/Solutions Manual 
provides step-by-step solutions to all in-chapter and end-of-chapter problems. Each chapter begins 
with a chapter review and includes a practice test on key concepts. 
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LearnSmart™ 


McGraw-Hill LearnSmart™ is available as a 
stand-alone product as well as an integrated 
feature of McGraw-Hill Connect® Chemistry. 
Using proprietary adaptive technology, 
LearnSmart assesses a student’s knowledge 
of course content through a series of probes, 
pinpointing concepts the student does not 


Which of he following 


understand. This innovative study tool also sym ota tat 
has features that allow instructors to see Siricine c 

. Structure D 
exactly what students have accomplished, structure 8 


and a built-in assessment tool for graded Susie 
assignments. Visit the following website for a demonstration: 


www.mhlearnsmart.com. 
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| ConnectPlus® Chemistry 
| www.mcgrawhillconnect.com/chemistry 


McGraw-Hill ConnectPlus® offers an innovative and inexpensive eBook 
integrated within Connect, McGraw-Hill's unique learning and assessment 
management system. Connect is designed for greater flexibility, power, 
and ease of use than any other system. The integration of ChemDraw, the 

industry standard in chemical drawing software, allows students to create 

| accurate chemical structures in their online homework assignments. 
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